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GUEST  EDITORIAL 


This  volume  contains  twenty  nine  of  the  forty  papers  presented  at  the  1997 
Williamsburg  Workshop  on  Ferroelectrics  which  was  held  between 
February  2-5,  1997.  Since  the  first  workshop  began  at  historical 
Williamsburg  in  1990,  the  number  of  participants  has  expanded  and  the 
range  of  studies  has  broadened.  The  1997  Workshop  was  the  largest  ever  in 
both  the  number  of  attendents  involved  and  the  number  of  papers  present¬ 
ed.  Since  1993,  this  annual  workshop  has  taken  a  new  organizational 
approach,  that  is  in  alternate  years  the  emphasis  of  the  workshop  will 
be  placed,  upon  theories  and  experimental  results,  respectively.  It  was 
later  decided  that  Ronald  Cohen  of  Carnegie  Institute  of  Washington  will 
organize  the  workshops  every  other  year  to  address  the  recent  theore¬ 
tical  development,  whereas  Haydn  Chen  of  University  of  Illinois  at 
Urbana-Champaign  and  Takeshi  Egami  of  University  of  Pennsylvania  will 
co-organize  the  workshops  in  alternate  fashion  to  focus  on  experimental 
discoveries  of  ferroelectricity. 

The  1997  Williamsburg  Workshop  started  off  with  three  thematic 
presentations  by  Ronald  Cohen  on  First  Principles  Studies,  by  Eric  Cross 
on  Relaxor  Ferroelectrics,  and  by  Robert  Bline  on  “Soliton  Dynamics  of 
Geometrically  Confined  Ferroelectric  and  Antiferroelectric  Liquid  Crystals”. 
They  were  then  followed  by  35  oral  presentations  and  2  poster  papers. 

The  1997  Williamsburg  Workshop  had  two  main  focuses:  (1)  Relaxor 
Ferroelectrics,  and  (2)  Geometrically  Confined  Ferroelectrics.  Relaxor 
ferroelectrics  are  a  class  of  materials  in  which  imperfectly  understood  inter¬ 
nal  mechanisms  prevent  the  development  of  full  ferroelectricity.  The 
substantial  technical  potential  of  relaxor  ferroelectrics  is  manifest  in  their 
very  large  dielectric  susceptibility  and  huge,  tunable  piezoelectricity,  optical 
birefringence,  and  non-linear  optical  properties.  Two  sessions  of  this 
workshop  were  devoted  to  this  topic.  Geometrically  confined  ferroelectrics 
refer  to  ferroelectric  materials  in  the  form  of  thin  films,  nano  particles, 
or  strained  conditions  so  that  the  materials  microstructure  and  their 
corresponding  properties  are  influenced  by  external  confinements. The 
synthesis  and  processing  in  geometrically  confined  modes  are  of  practical 
importance.  The  resulting  structure  and  properties  often  exhibit  unusual 
phenomena  which  are  far  from  totally  understood.  Ten  papers  addressed 
this  topic  including  interfaces,  size  effects  and  thin  films  of  ferroelectrics. 
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FIRST-PRINCIPLES  STUDY 
OF  PIEZOELECTRICITY 
IN  TETRAGONAL  PbTiOs 

GOTTHARD  SAGHI-SZABO  “ ,  RONALD  E.  COHEN  “ 
and  HENRY  KRAKAUER  ’’ 

^  Carnegie  Institution  of  Washington,  5251  Broad  Branch  Rd.,  N.W., 
Washington,  D.C.  20015-1305,  USA; 

College  of  William  and  Mary,  Williamsburg,  VA,  USA 


(Received  10  April  1997;  In  final  form  16  September  1997) 


The  ^33  component  of  the  piezoelectric  strain  tensor  in  tetragonal  PbTi03  was  studied  by  an  all¬ 
electron  ab  initio  method,  and  was  found  to  be  in  good  agreement  with  the  experimental 
piezoelectric  stress  constant  of  high  quality  twin-free  single  PbTiOs  crystals.  Equations  of  the 
density  functional  theory  were  solved  within  the  general  gradient  approximation  (GGA)  using 
the  general  potential  linearized  augmented  plane-wave  local  orbital  (LAPW  +  LO)  method. 
Macroscopic  polarization  values  necessary  to  calculate  the  piezoelectric  coefficient  and  elements 
of  the  Born  effective  charge  tensors  were  determined  via  finite  differences  using  the  geometric 
phase  formulation.  In  this  approach,  bulk  quantities  are  expressed  as  the  property  of  the  phase 
of  the  wavefunction  in  terms  of  a  Berry  connection.  The  ^33  component  of  the  piezoelectric 
tensor,  i.e.  the  change  in  polarization  with  strain,  was  extracted  from  results  of  groundstate 
Berry’s  phase  calculations  performed  on  units  cells  of  different  strains  and  volumes.  We  found 
that  in  PbTi03  the  large  intrinsic  piezoelectric  response  is  mainly  due  to  strong  coupling 
between  macroscopic  strain  and  internal  microscopic  strain,  giving  the  value  of  3.23  C/m^  for 
the  C33  modulus. 

Keywords:  LAPW;  PbTiOs;  macroscopic  strain 


1.  INTRODUCTION 

Polycrystalline  ceramics  based  on  PbZri_;cTix03  (PZT)  are  the  materials  of 
choice  in  a  wide  range  of  applications  including  actuators,  ultrasonic 
transducers,  piezoelectric  transformers  and  acoustic  scanners  Most  of 
these  applications  require  materials  with  high  electromechanical  coupling 
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2  G.  SAGHI-SZABO  et  al. 

factors.  This  factor,  which  depends  on  the  geometry  of  the  sample  is  defined 
as 


2  _  stored  mechanical  energy 
input  electrical  energy 


(1.1) 


or 


stored  electrical  energy 
input  mechanical  energy 


(1.2) 


Generally,  coupling  factor  values  of  higher  than  75%  are  required  in  many 
modern  applications.  Another  widely  used  parameter  to  characterize 
electroactive  materials  is  the  piezoelectric  stress  coefficient  dy,  which 
describes  the  strain  induced  in  materials  at  a  given  applied  electric  field. 
The  piezoelectric  stress  coefficient  d  and  electromechanical  coupling  factor  k 
are  interrelated  by  the  equation 


££qs' 


(1.3) 


where  £  is  the  dielectric  constant,  £q  is  the  permittivity  of  vacuum  and  s  is  the 
elastic  compliance.  All  of  these  parameters  can  be  computed  by  ab  initio 
methods,  thus  giving  us  a  better  understanding  of  the  underlying  principles 
of  piezoelectricity  at  the  microscopic  level.  In  the  near  future,  theory  can 
actively  participate  in  the  design  of  high  quality  ferroelectric  and  piezo¬ 
electric  crystals  of  technological  importance. 

A  new  category  of  relaxor-based  piezoelectric  materials,  originally 
discovered  by  Kuwata  et  al.  has  been  synthesized  recently  with  very 
high  electromechanical  coupling  properties  and  low  dielectric  loss^^’^^l  In 
these  single-crystal  materials,  in  contrast  to  PZT  based  polycrystalline 
ceramics,  compositions  near  a  morphotropic  phase  boundary  (MPB)  were 
not  necessary  in  order  to  achieve  high  piezoelectric  strain.  This  paper 
investigates  the  piezoelectric  properties  of  PbTi03  (PT),  which  is  the  end- 
member  of  both  the  technologically  important  PZT  based  ceramics  and  the 
newly  discovered  relaxor-PT  materials,  represented  by  PbZni/3Nb2/303- 
PbTi03  (PZN-PT)  and  PbMgi/3Nb2/303-PbTi03  (PMN-PT). 

At  low  temperatures  PbTi03  is  ferroelectric  with  tetragonal  perovskite 
structure.  It  has  a  clearly  established  tetragonal  {P4mm)  to  cubic 
phase  transition  at  493°C.  Recently,  first-principles  density-functional 
computations  on  perovskite  type  oxides  were  successful  in  quantitatively 
reproducing  a  variety  of  experimental  data.  These  studies  helped  us  to 
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incorporate,  analyze  and  understand  at  the  microscopic  level  the  role  that 
charge  distortion,  covalency  and  hybridization  play  in  ferroelectric 
materials.  PbTiOs  has  been  extensively  studied  by  state-of-the-art  computa¬ 
tional  methods.  Cohen  found  that  hybridization  between  the  titanium  3d 
and  oxygen  2p  states  is  essential  for  ferroelectricity,  while  the  hybridization 
between  lead  and  oxygen  states  results  in  a  large  strain,  which  leads  to  the 
stabilization  of  the  tetragonal  phase.  Cohen  and  Krakauer  pointed  out 
the  possible  existence  of  partial  order -disorder  character  in  the  tetragonal- 
to-cubic  phase  transition  of  PbTi03.  Recent  calculation  of  the  temperature- 
dependent  phase  diagram  of  PbTiOs  by  Rabe  and  Waghmare  provided  a 
microscopic  explanation  for  the  deviation  from  the  simple  displacive  picture 
based  on  local  instabilities  in  the  crystal.  Garcia  and  Vanderbilt  showed 
that  a  low  temperature  orthorhombic  distortion  is  possible  but  unlikely  in 
PT  and  that  there  are  no  zone-boundary  instabilities  in  this  material  that 
could  induce  a  cell  doubling  phase  transition. 

Theoretical  advances  in  the  field  of  piezoelectrics  and  macroscopic 
polarization  allow  a  pure  ab  initio  study  of  piezoelectricity  in  tetragonal 
PbTi03.  As  a  first  important  step  in  this  field,  Martin  showed  that 
piezoelectricity  is  a  macroscopic  bulk  property  of  the  solid  and  is  determined 
by  the  electronic  wave  function  of  the  material.  At  first,  a  direct  approach, 
or  large  supercell  approach  was  used  in  order  to  overcome  the  short- 
wavelength  limit  generally  imposed  by  the  boundary  conditions  adopted  in 
periodic  first-principle  calculations.  The  introduction  of  a  reformulated 
(Green’s  function)  linear-response  approach  by  Baroni  et  al  for  density- 
functional  calculations  in  extended  systems  made  it  possible  to  perform 
long-wavelength  limit  calculations  analytically.  Using  this  approach, 
Gironcoli  et  al.  successfully  calculated  the  piezoelectric  properties  of 
III- V  semiconductors  from  the  stress  induced  by  an  applied  electric  field,  at 
vanishing  microscopic  strain. 

The  latest  advance  in  the  field  of  modern  macroscopic  polarization  was 
made  by  King-Smith  and  Vanderbilt  (for  an  alternative  derivation  and 
excellent  review  see  Ref.  This  latter  quantum-mechanical  approach 
makes  it  possible  to  calculate  the  polarization  difference  between  two 
different  states  of  the  same  solid,  assuming  that  the  two  states  can  be 
transformed  into  each  other  through  an  adiabatic  variation  of  a  crystal 
Hamiltonian  parameter,  under  the  necessary  condition  that  the  crystal 
remains  an  insulator  along  the  transformation  path.  This  method  evaluates 
polarization  differences  using  geometric  quantum  phases  (Berry’s  phase 
approach),  which  are  defined  as  the  phases  of  overlap  determinants  between 
Bloch  wavefunctions  evaluated  on  a  dense  mesh  of  neighboring  k  points. 
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Instead  of  computing  the  stress  induced  by  a  macroscopic  electric  field,  the 
piezoelectric  moduli  can  be  determined  from  polarization  differences 
induced  by  macroscopic  strain.  This  method  was  successfully  applied  to 
study  linear  piezoelectricity  in  ZnO  and  nonlinear  effects  in  CdTe 


2.  PIEZOELECTRICITY  IN  CRYSTAL  CLASS  4/m/m 

The  piezoelectric  tensor  has  only  three  independent  components  in  crystal 
class  4mm.  Tensor  elements  e^x  and  ^33  describe  the  zero  field  polarization 
induced  along  the  z  axis,  when  the  crystal  is  uniformly  strained  in  the  basal 
xy  plane  and  along  the  z  axis,  respectively.  The  third  component  e\s 
measures  the  polarization  induced  perpendicular  to  the  z  axis  by  shear 
strain.  If  one  keeps  the  shear  strain  and  the  strain  in  the  basal  plain  at  zero 
values,  the  induced  change  in  polarization  (P3)  for  small  strains  along  the  z 
axis  can  be  expressed  as 


P2  =  ^33^3,  P-1) 

where  83  is  the  strain  tensor  element  in  matrix  notation.  Modulus  ^33  can  be 
expressed  as 


e33  = 


de3 


+y— 

V  Sui 


dui 

.  d83  ’ 


(2,2) 


where  the  first,  in  this  case  pure  electronic,  term  can  be  evaluated  from 
polarization  differences  as  a  function  of  strain,  with  the  internal  parameters 
being'  kept  fixed  at  their  values  corresponding  to  zero  strain.  One  has  to 
calculate  the  dynamical  charge  tensors  and  then  determine  the  variation  of  u 
as  a  function  of  strain  along  the  z  axis  in  order  to  evaluate  the  second  term, 
which  corresponds  to  the  contribution  from  internal  microscopic  relaxation 

[16,  17] 


3.  METHOD 

Total  energy  calculations  presented  here  were  performed  within  the  GGA 
approximation  using  the  full-potential  LAPW  +  LO  method  The 
LAPW  +  LO  method  includes  local  orbitals  (LO)  in  addition  to  the  normal 
LAPW  basis  to  allow  treatment  of  all  the  valence  bands  in  a  single  energy 
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window  and  allow  greater  variational  freedom.  The  Perdew-Burke- 
Ernzerhof  1996  (PBE96)  exchange-correlation  parametrization  was  used 
in  the  calculations,  LAPW  sphere  radii  of  2.0,  1.7  and  1.6  a.u.  were  used  for 
Pb,  Ti  and  O,  respectively.  Pb  5d,  6s,  6p,  Ti  3^,  3p,  M,  4.S’  and  O  Is  and  2p 
orbitals  were  treated  as  valence  orbitals. 


3.1.  Strucural  Optimization  and  Computation  of  Electronic  Polarization 

Local  orbitals  were  used  to  include  the  semi-core  Ti  3^  states  with  the 
valence  bands  as  well  as  to  help  the  relaxation  of  the  linearization  of  the  Pb 
5d,  Ti  3p,  3d  and  O  2s,  2p  states.  Hamiltonian  matrix  elements  were 
determined  using  the  scalar  relativistic  method  The  special  points 
method  was  applied  for  Brillouin-zone  samplings  with  4x4x4  k- 

point  mesh.  The  convergence  parameter  RK^ax,  which  governs  the  quality 
of  the  basis  set  was  set  to  8.3,  giving  a  basis  set  size  of  more  than  one 
thousand  functions  per  unit  cell.  The  results  of  the  calculations  were 
checked  for  convergence  with  respect  to  the  number  of  k-points  and  the 
plane  wave  cutoff  energy.  Analytical  atomic  forces  were  calculated  using  the 
formulation  of  Yu  et  al.  The  Broyden-Fletcher-Goldfarb-Shanno  (BEGS) 
multidimensional  variable  metric  method  was  implemented  to  optimize 
internal  coordinates  at  a  given  volume  and  strain.  Wavefunctions  necessary 
to  obtain  the  geometric  quantum  phases  for  the  calculation  of  electronic 
polarization  were  evaluated  on  a  discrete  mesh.  A:-space  integrations  in  the 
Berry’s  phase  calculations  were  made  on  a  uniform  4  x  4  x  20k-point  mesh. 
The  results  of  the  calculations  were  checked  for  convergence  with  respect  to 
the  number  of  k-Points  and  the  plane  wave  cutoff  energy. 


4.  COMPUTATIONAL  RESULTS 
4.1.  Homogeneous  Strain 

The  tetragonal  structure  of  PbTi03  is  completely  defined  by  the  a  lattice 
constant,  the  cja  ratio  and  by  three  internal  coordinates  W/,  which 
correspond  to  the  relative  positions  of  the  five  atoms  in  the  unit  cell  parallel 
to  the  c  axis  in  units  of  c.  We  have  kept  the  volume  of  the  PbTiOs  unit  cell  at 
the  experimental  value  in  the  first  part  of  the  calculation  to  determine  an 
optimum  set  of  cja  and  Ui  parameters  which  minimize  the  total  energy.  The 
theoretical  GGA  minimum  of  cja  equals  to  1.073  under  this  constraint.  The 
value  agrees  quite  well  with  the  room  temperature  experimental  data  of 
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1.065  The  agreement  is  even  more  remarkable,  if  we  take  into  account 
the  temperature  dependence  of  cja,  which  we  expect  to  further  increase  from 
its  room  temperature  value  as  we  approach  0  K.  Table  I  contains  the 
internal  parameters  in  the  five  atom  unit  cell  at  experimental  volume  and 
optimized  cla  together  with  other  theoretical  results  and  experimental  data. 
As  the  next  step,  we  determined  the  electronic  polarization  at  this  point  in 
(cl a,  u)  space.  Next,  macroscopic  polarization  values  were  calculated  as  a 
function  of  cj a  with  internal  parameters  fixed  at  those  of  the  GGA  minimum 
structure.  These  calculation  were  performed  at  fixed  lattice  constant  a,  that 
is  the  volume  was  allowed  to  change  depending  on  the  value  of  cja 
Polarization  differences  between  the  reference  and  strained  structures  were 
used  to  extract  the  homogeneous  strain  contribution  to  the  C33  modulus. 


4.2.  Dynamical  Effective  Charges  and  Spontaneous  Polarization 

In  a  polar  insulator  Born  effective  charges  (dynamical  charges)  indicate  the 
extent  of  polarization  change  induced  by  relative  sublattice  displacements. 
While  many  ionic  oxides  have  Born  effective  charges  close  to  their  static 
value  ferroelectric  perovskites  display  anomalously  large  dynamical 
charges 

In  order  to  determine  the  contribution  from  the  internal  strain  to  the 
piezoelectric  modulus,  we  obtained  Born  effective  charges  from  finite 
differences  of  polarization.  Computations  were  performed  with  small 
displacements  of  atoms  along  the  z  axis  to  get  all  the  effective  charges.The 
amplitude  of  displacements  was  0.3%  of  lattice  constant  c.  Changes  in  the  k- 
point  mesh  or  in  the  amplitude  of  displacements  caused  less  than  1  %  change 
in  the  corresponding  Z*  values.  Table  II  contains  the  results  of  our 


TABLE  I  Structure  parameters  of  tetragonal  PbTiOs.  The  GGA  parameters  were  obtained 
from  constant  volume  optimization.  Internal  coordinates  along  the  z  direction  (w)  are  given  in 
terms  of  the  c  lattice  constant 


GGA 

LDA^ 

LDA^ 

Experiment'^ 

a(a.u.) 

7.356 

l.lAl 

7.380 

i.m 

cja 

1.073 

1.122 

1.063 

1.065 

Mpb 

0.000 

0.000 

0.000 

0.000 

Wxi 

0.530 

0.542 

0.549 

0.538 

WOi  O2 

0.610 

0.634 

0.630 

0.612 

M03 

0.105 

0.134 

0.125 

0.117 

Constant  volume,  LDA,  all-electron  basis  set. 

Ref.  relaxation  with  fixed  lattice  constants,  LDA,  ultrasoft  pseudopotentials  with  planewave  basis. 
‘'Ref.  room  temperature  data. 
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TABLE  II  Born  effective  charges  for  PbTiOs.  The  charges  vi^ere  calculated  from  polarization 
differences  induced  by  finite  displacement  of  atoms  along  the  tetragonal  z  axis  at  experimental 
tetragonal  volume,  theoretical  cja  and  internal  coordinates 


xy)ii-point  mesh 

2*0, 

4x4 

20 

3.52 

5.18 

-2.16 

-4.38 

4x4 

20 

3.90 

7.06 

-2.56 

-5.83^ 

4x4 

20 

3.92 

6.71 

-2.56 

-5.5ff 

^discrete  mesh  along  z. 

^  Ref.  theoretical  cubic  structure. 

Ref.  experimental  tetragonal  structure. 


calculations  together  with  former  theoretical  results.  We  find  that  our  values 
show  similar  trends  to  those  reported  previously,  namely  significantly  larger 
dynamical  than  static  charges,  however  the  difference  we  calculated  between 
the  Born  effective  and  static  (pure  ionic)  charges  is  smaller.  Zhong  et  al 
used  a  pseudo  potential  plane-wave  method  within  the  LDA  to  obtain  their 
Z*  values,  while  an  all-electron  method  within  the  GGA  was  used  in  this 
work.  Since  the  effective  charges  were  found  to  be  quite  sensitive  to  atomic 
positions  and  volume,  the  smaller  magnitude  of  effective  charges  we  found 
may  be  partly  due  to  the  different  structural  parameters  used  in  the  two  sets 
of  calculations. 

Spontaneous  polarization  can  be  measured  directly  in  ferroelectric 
materials  via  polarization  reversal.  It  gives  us  an  opportunity  to  further 
test  our  method  and  the  calculated  Born  effective  charges.  Using 
displacement  values  together  with  lattice  parameters  from  the  experimental 
structural  data  at  295  K  and  Born  effective  charges  that  we  determined 
at  the  theoretical  optimized  GGA  structure,  we  can  get  a  good  estimate  for 
the  value  of  spontaneous  polarization  while  neglecting  the  volume,  and 
position  dependence  of  Z*  However,  when  comparing  to  experimental 
data,  one  has  to  take  into  account,  that  experiments  usually  give  erroneous 
results  for  the  polarization,  due  to  charge  leakage  caused  by  crystal  cracking 
during  measurements.  The  polarization  values  we  determined  are  shown 
together  with  other  theoretical  and  experimental  values  in  Table  III. 


4.3.  Contribution  Due  to  Internal  Strain 

We  have  to  determine  the  change  of  the  internal  coordinates  as  a  function  of 
external  strain  along  the  z-axis  to  calculate  the  second  part  of  the  ^33 
piezoelectric  modulus,  the  part  which  is  due  to  the  relative  displacement  of 
positively  and  negatively  charged  sublattices.  These  calculations  were 
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TABLE  III  Spontaneous  polarization  values.  Structural  information  for  the  calculations  were 
taken  from  Ref.  [29]  _ _ 


Temperature  ( K) 

Method 

xy  k-pom?  mesh 

k/ 

Polarization  ( Cjm^) 

295 

indirect*^ 

4x4 

20 

0.88 

4x4 

20 

1.04" 

experiment‘d 

N/A 

N/A 

0.75 

®  discrete  mesh  along  z. 

^  calculated  by  using  Born  effective  charges  and  displacement  vectors  from  the  high  symmetry  sites. 
"  Ref.  [26]. 

Ref.  [33], 


performed  at  fixed  lattice  constant  a  and  with  varying  cja  ratios  just  as  in 
section  4.1.  At  each  cja  internal  coordinates  were  optimized  using  the 
LAPW  +  LO  method  described  in  section  3.1.  The  sum  of  the  calculated 
duijde^  values  multiplied  the  corresponding  dynamical  charge  tensor 
elements  gives  the  microscopic  strain  contribution  to  the  piezoelectric 
modulus  ot  tetragonal  PbTiOs.  Common  origins  to  determine  internal 
coordinates  are  arbitrarily  assigned  along  the  crystallographic  axes.  The 
individual  terms  in  the  expression  for  the  total  polarization  do  depend  on 
the  choice;  however,  the  final  results  are  independent  of  origin. 

The  two  experimental  values  available  for  the  ^33  piezoelectric  stress 
constant  of  PbTi03  are  very  different  from  each  other.  Ikegami  et  al 
reports  a  value  of  6.50  C/m^,  which  was  measured  on  poled  ceramic  PbTi03 
by  Li  et  al  reports  a  complete  set  of  coefficients  for  the  electromechanical 
properties  measured  on  high-quality,  twin-free  single  crystals  of  tetragonal 
PbTi03.  They  obtained  the  value  of  3.35  C/m^  for  ^33,  with  a  10% 
uncertainty  (^33  values  were  calculated  from  the  measured  s^-  and  dy  data 
Li  et  al  where  s  is  the  elastic  compliance  and  d  is  the  piezoelectric  strain 
constant). 

Our  theoretical  value  for  the  ^33  modulus  is  3.23  C/m  computed  on  the 
4  X  4  X  20  mesh.  The  clamped  ion  contribution  is  -0.88  C/m^  whereas  the 
contribution  from  the  internal  microscopic  strain  is  much  larger  with  an 
opposite  sign,  4.11  C/m^.  This  value  is  in  good  agreement  with  the  data 
reported  by  Li  et  al  Generally,  methods  used  in  this  work  give  results 
for  the  intrinsic  piezoelectric  properties  of  an  infinite  single-domain  perfect 
material.  The  value  of  ^33  reported  by  Ikegami  et  al  is  based  on 
experimental  data  obtained  on  a  poled  ceramic  sample.  In  the  latter  case, 
extrinsic  contributions  to  the  piezoelectric  constants  can  be  expected  in 
addition  to  the  intrinsic  contribution.  It  is  however  not  uncommon,  that 
extrinsic  contributions,  mainly  from  domain  wall  boundaries,  are  of  the 
same  magnitude  as  the  part  due  to  the  intrinsic  properties  of  the  crystal 
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5.  CONCLUSIONS 

The  Berry’s  phase  approach  within  the  LAPW  +  LO  GGA  formalism  can  be 
elfectively  used  to  predict  the  values  of  the  piezoelectric  tensor  elements  even 
in  computationally  difficult  materials  such  as  PbTi03.  We  computed  the  ^33 
intrinsic  piezoelectric  modulus,  which  we  found  in  good  agreement  with 
experimental  data  measured  on  single  crystal  material.  The  other  piezo¬ 
electric  moduli,  ^31  and  ejs  can  be  determined  in  a  similar  fashion.  We  found 
that  the  large  piezoelectric  response  in  this  material  is  mainly  due  to  the 
large  relative  displacement  of  cationic  and  anionic  sublattices  induced  by  the 
macroscopic  strain.  This  effect  is  further  amplified  by  the  anomalously  large 
dynamic  charge  values  of  ions  in  solid  PbTi03. 
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We  show  that  geometrical  confinement  of  Sm  C*  type  ferroelectric  liquid  crystals  between  two 
parallel  boundaries  separated  by  a  distance  d  induces  a  soliton  structure  similar  to  the  one 
obtained  in  a  transverse  external  magnetic  field.  For  non-polar  surface  anchoring  (i.e., 
quadrupolar  boundary  conditions)  the  (T,  d)  phase  diagram  in  fact  closely  resembles  the  (T,  H) 
phase  diagram  and  the  unwinding  of  the  smectic  C*  helix  is  preceded  by  a  transition  from  the 
plane-wave  to  the  soliton  like  helical  structure.  The  periodic  potential  of  the  soliton  lattice 
induces  a  gap  in  the  phason  dispersion  relation  similar  to  the  gaps  between  the  valence  and 
conduction  bonds  of  an  electron  in  a  periodic  potential.  For  a  system  with  polar  boundary 
conditions  the  splay  distortion  of  the  director  field  is  accompenied  by  a  splayed  polarization  and 
a  soliton  like  deformation  of  the  phase  profile  across  the  cell.  A  transverse  solitary  wave 
excitation  with  a  {Ijd^)  relaxation  rate  thickness  dependence  and  a  finite  frequency  gap  at 
=  0  has  been  observed  at  small  thicknesses.  A  cross-over  to  a  gapless  plane-wave  like 
dynamics  has  been  found  at  large  thicknesses. 

Keywords:  Liquid  crystals;  solitons 


INTRODUCTION 

The  physics  of  liquid  crystals  is  in  many  respects  fuller  and  richer  than  the 
physics  of  3D  periodic  solids.  Many  liquid  crystalline  phases  exhibit 
continuous  point  group  symmetry  (Fig.  1)  whereas  solid  crystals  exhibit 
discrete  point  group  symmetry.  This  gives  rise  to  new  physical  phenomena 
which  are  not  observable  in  solids,  e.g.  symmetry  recovering  Goldstone 
modes  These  modes  are  responsible  for  the  strong  scattering  of  light  in 
some  liquid  crystal  phases.  Liquid  crystals  are  also  very  soft  systems  where  a 
non-linear  soliton-like  structure  and  a  soliton  dynamic  response  can  be 
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ORDER  IN  LIQUID  CRYSTALS 

isotropic  phase  ( I )  I  j  I 

Nematic  phase  ( N ) 


Smectic  A  ( 5mA)  phase 


SmA 


Quasi  long-range 
1-D  positional  order 
+  orientat.  order 


FIGURE  1  Order  in  nematic  and  smectic  A  liquid  crystals. 


obtained  for  even  very  moderate  external  fields.  This  allows  us,  for  example, 
to  observe  soliton  dynamics  in  external  magnetic  fields  which  can  not  be 
observed  in  solids  at  experimentally  accessible  fields. 

The  continuous  rotational  symmetry  of  many  liquid  crystalline  phases  can 
be  broken  either  spontaneously  or  by  the  presence  of  external  fields  or 
restricted  geometries.  This  symmetry  breaking  is  responsible  for  many 
remarkable  properties  of  liquid  crystals.  For  example,  at  the  ferroelectric 
Sm  A-^Sm  C*  phase  transition  (Fig.  2)  the  continuous  rotational  symmetry 
Doo  of  the  chiral  Sm  A  phase  is  spontaneously  broken  and  replaced  by  the 


SOLITON  DYNAMICS,  FERROELECTRIC  LIQ.  XTAL. 


13 


locally  :C2  and  P^O 
globally:  <P>=0 


FIGURE  2  Order  in  the  ferroelectric  smectic  C*  liquid  crystal  phase. 


discrete  symmetry  group  In  view  of  that  the  doubly  degenerate  soft 
mode  of  the  Sm  A  phase  splits  into  two  modes  in  the  ferroelectric  Sm  C* 
phase:  an  amplitude  mode  and  a  gapless  phason  mode^^l  The  amplitude 
mode  represents  a  change  in  the  magnitude  of  the  tilt  angle  6{z,  t)  whereas 
the  phason  represents  a  change  in  the  azimuthal  position  </>(z,  t)  of  the 
molecules  on  the  cone  around  the  normal  to  the  smectic  layers.  The  phason 
mode  thus  represents  a  rotation  of  the  in-plane  polarization  and  the  tilt,  or 
what  is  equivalent,  a  sliding  of  the  helix  as  a  whole.  The  phason  is  thus  the 
symmetry  recovering  Goldstone  mode  of  the  Sm  A^Sm  C*  transition, 
which  appears  according  to  the  Goldstone  theorem,  if  a  continuous 
symmetry  of  the  system  is  broken.  This  mode  is  responsible  for  some 
intriguing  optical  and  dielectric  properties  of  ferroelectric  liquid  crystals, 
like  the  strong  scattering  of  light,  etc.  The  gapless  nature  of  the  Goldstone 
mode  has  been  indeed  experimentally  demonstrated 
When  a  ferroelectric  liquid  crystal  is  confined  between  two  polymer- 
coated  surfaces,  separated  by  a  distance  of  the  order  of  a  micrometer,  a  wide 
variety  of  textures  is  formed  which  result  from  the  interplay  of  the 
effects  of  confinement,  dictated  by  the  surface  and  the  intrinsic  behavior, 
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imposed  by  the  bulk  liquid  crystal.  The  nature  and  physical  properties  of 
these  textures  have  been  the  subject  of  intensive  research,  which  was 
primarily  motivated  by  the  potential  use  of  ferroelectric  smectic  phases  in 
fast  switching  electrooptic  devices  Here  we  show  that  a  soliton-like 
dynamics,  characteristic  of  incommensurate  crystals,  can  be  observed  when 
a  ferroelectric  liquid  crystal  is  confined  in  a  bookshelf  geometry  between  two 
parallel  plates  with  equal  and  polar  boundary  conditions. 


Effects  of  External  Fields 

In  the  absence  of  external  fields  or  boundaries  the  ferroelectric  smectic  C* 
helix  (Fig.  2)  is  described by  a  sinusoidal  precession  of  the  tilt  of  the 
average  direction  of  the  long  molecular  axis  n  —  {rix,  riy,  n^) 

=  rix  0  cos  ^  (z)  (la) 

^y  =  nyn^  =  9  sin ^(z)  (lb) 

in  the  direction  perpendicular  to  the  smectic  layers,  where  the  position  of  the 
molecule  on  the  cone  of  opening  9  centered  around  the  normal  to  the 
smectic  layers  is  given  by 


^(z)  =  I'Kzjp  (2) 

Here  p  is  the  period  of  the  helix  and  z  the  coordinate  axis  perpendicular  to 
the  smectic  layers.  Alternatively  the  helix  can  be  described  by  the  sinusoidal 
precession  of  the  inplane  polarization  parallel  to  the  local  C2  axis: 


Px  =  -Pq  sin$(z) 

(3a) 

Py  =  Po  cos  $(z) 

(3b) 

In  the  presence  of  an  external  magnetic  field  applied  perpendicularly  to 
the  helix  the  molecules  try  to  rotate  along  the  tilt  cones  into  the  field 
direction.  The  additional  term  in  the  free  energy  describing  this  effect  is 

=  (4) 

where  Ax  describes  the  diamagnetic  anisotropy  and  H  is  the  external 
magnetic  field  in  the  ^-direction. 
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Soliton  Structure  in  Magnetic  Fields 

Minimization  of  the  free  energy  with  respect  to  #  leads  to  the  non-linear 
Sine-Gordon  equation 

^  =  -{AxHy IK,)  sm{2^)  (5) 

which  determines  the  spatial  variation  of  the  tilt  and  the  in-plane 
spontaneous  polarization.  Here  ^3  is  the  appropriate  renormalized  elastic 
constant.  For  0  the  phase  is  a  linear  function  of  the  spatial  coordinate 
^  =  qz,  and  the  helicoidal  modulation  wave  is  sinusoidal  (Figs.  3a -b).  For 
the  phase  $  is  a  non-linear  function  of  the  spatial  coordinate.  It  can 
be  expressed  in  terms  of  Jacobian  elliptic  functions.  The  phase  profiles  are 
described  by 


sin^(^)  =  sn(M,  k)  (6) 

where  sn(w,  k)  is  the  Jacobi  elliptic  sine  of  the  reduced  coordinate 

u  =  z/ik  (7) 

Here  ^  =  ^yK^/{\{Ax)\H^)  is  the  magnetic  coherence  length.  The  modulus 
k  of  Jacobi’s  elliptic  function  is  defined  by  the  equation 

k  =  §E{k)  (8) 

where  E{k)  is  the  complete  elliptic  integral  of  second  kind  and  He  is  the 
critical  magnetic  field  for  the  unwinding  of  the  helix: 


(9) 


Here  pQ  is  the  period  of  the  unperturbed  helix  in  the  absence  of  the  magnetic 
field.  For  finite  fields  Eq.  (5)  admits  7r-phase  soliton  solutions  (Fig.  3a). 
Regions  where  the  phase  is  constant  are  separated  by  regions,  called  phase 
solitons,  where  the  phase  changes  rapidly  (Fig.  3b). 
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FIGURE  3  (a)  Unwinding  transition  in  a  magnetic  field  applied  perpendicularly  to  the 

smectic  C*  helix,  (b)  Effect  of  magnetic  field  on  the  spatial  variation  of  the  phase  (i)  and  form  of 
the  modulation  wave  (ii)  in  the  SmC*  phase.  The  formation  of  a  soliton  lattice  at  7^  0  is  clearly 
visible. 


Soliton  Dynamics  in  Magnetic  Fields 

The  dynamics  of  small  phase  fluctuations  6  $(z,  t)  around  the  equilibrium 
soliton  structure 

$  (z,  t)  =  ^0  {z)  +  0  (10) 

where 


6^(z,  t)  =  ^  (z)  exp  [-t/r] 


(11) 
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is  determined  by  Lame’s  equation  of  order  one 

sn(w,A:)]^  -  0  (12) 

Here  h==k^  [^^It{H)K^+\]  is  the  eigenvalue,  7  is  the  rotational  viscosity 
and  is  the  relaxation  rate  of  the  phason. 

The  above  Eq.  (12)  is  equivalent  to  the  Schroedinger  equation  describing 
the  propagation  of  a  particle  in  a  periodic  soliton-like  potential 

V{u)  —  —2k^  sn^(M,  k)  (13) 

where  for  H=0,  V(u)  =  0.  For  the  periodic  potential  induces  a  band 
like  structure  in  the  phason  spectrum  with  gaps  at  the  edges  of  the  Brillouin 
zone  (Fig.  4).  The  predicted  splitting  of  the  phason  spectrum  with  increasing 
magnetic  field  has  been  indeed  observed  in  the  ferroelectric  liquid  crystal 
CE-8  (Fig.  5). 

A  gapless  Goldstone  mode  exists  for  fields  lower  than  the  critical  field.  This 
is  explained  by  considering  the  spontaneous  symmetry  breaking  in  the  (H, 
T)  phase  diagram.  Whereas  at  the  Sm  A^Sm  C*  transition  the  continuous 
translation  symmetry  of  the  SmA  phase  is  spontaneously  broken  by  the 
appearance  of  a  modulated  phase,  this  continuous  symmetry  is  preserved  at 
the  phase  transition  into  the  unwound  Sm  C  phase  (Fig.  6). 


FIGURE  4  Effect  of  the  periodic  multi-soliton  lattice  potential  on  the  phason  dispersion  for 
H^^O.  The  splitting  of  the  phason  into  optic  and  acoustic-like  branches  separated  by  a  gap 
G  oc  is  obvious.  For  H  >  H^,  the  acoustic  branch  disappears. 
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a)  The  splitting  of 
the  phason 
spectrum  at  q  =  0 


b)  Period  of  the  helix 
as  a  function  of  the 
field. 


c)  Magnetic-field 
induced  gap  G(P) 
at  q=0 


FIGURE  5  (a)  Experimentally  observed  splitting  of  the  phason  branch  at  ^  =  0  in  a  mixture  of 

chiral  and  racemic  CE-8  in  a  magnetic  field  (b)  Period  of  helix  as  a  function  of  the  magnetic 
field;  (c)  Variation  of  the  gap  G  with  magnetic  field  at  ^  =  0. 


FIGURE  6  T-H  phase  diagram  of  a  ferroelectric  liquid  crystal 
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Effects  of  Geometrical  Confinement 

When  a  ferroelectric  liquid  crystal  is  confined  between  two  parallel  plates  in 
the  bookshelf  geometry  (Fig.  7),  two  different  cases  can  be  distinguished. 


A.  Non-polar  Boundary  Conditions  (Quadvupolav  Anchoring) 

The  surface  anchoring  energy  density  is 

g.  =  [6{x  +  L)  +  6{x-L)]^-Cse, 

where  is  the  out  of  plane  component  of  the  tilt.  For  positive  parallel 
alignment  with  the  interface  is  favored. 

B.  Polar  Boundary  Conditions  ( Surface  Induced  Polar  Effects ) 

The  surface  anchoring  energy  density  is  here: 

A  positive  coupling  constant  D  favors  a  positive  equilibrium  value  of  at 
x  =  L  and  a  negative  at  y  =  —L. 

Due  to  the  coupling  between  the  tilt  and  polarization  a  surface  induced 
polarization  region  develops  in  the  vicinity  of  the  interface. 


FIGURE  7  Geometry  of  a  ferroelectric  liquid  crystal  in  the  bookshelf  configuration  placed 
between  two  parallel  infinite  plane  boundaries. 
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A.  Non-polar  Boundary  Conditions  (Quadrupolar  Anchoring) 

The  homogeneous  form  of  the  surface  anchoring  energy  in  the  z-y  plane  is 
competing  with  the  bulk  elastic  energy,  which  favors  a  helicoidal  ordering 
far  from  the  surface.  For  a  thin  enough  sample  the  helical  structure  will  be 
unwound  by  the  surface. 

The  surface  term  has  here  a  similar  role  as  a  homogeneous  transverse 
magnetic  field  which  tends  to  unwind  the  helical  Sm  C*  structure. 

A  soliton  lattice  is  thus  formed  in  the  helicoidal  direction  normal  to  the 
smectic  layers  close  to  the  unwinding  transition. 

The  {d,  T)  phase  diagram  of  a  ferroelectric  liquid  crystal  (Fig.  8)  will  thus 
resemble  the  {H,  T)  phase  diagram  because  of  similar  couplings.  This  has 
been  indeed  observed 


FIGURE  8  T-d  phase  diagram  of  a  ferroelectric  liquid  crystal  for  non-polar  surface 
anchoring 
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B.  Polar  Boundary  Conditions  (Surface  Induced  Polar  Effects) 

In  view  of  the  different  orientation  of  the  polarization  at  the  two  interfaces 
of  a  thin  ferroelectric  liquid  crystalline  cell  the  polarization  in  the  smectic 
planes  will  be  space  dependent  and  we  expect  a  soliton  structure  in  the 
smectic  planes  which  is  absent  for  non-polar  boundary  condition. 

The  {d,  T)  phase  diagram  is  here  quite  different  from  the  one  for  non¬ 
polar  boundary  conditions.  One  can  find  a  re-entrant  modulated  phase  and 
perhaps  even  2  Lifshitz  points. 


Soliton  Structure  in  Confined  Geometry  with  Polar  Boundary  Conditions 

Let  us  consider  a  ferroelectric  liquid  crystal,  confined  in  a  bookshelf 
geometry  between  two  parallel  plates,  separated  by  a  distance  d.  The 
boundary  conditions  are  polar  and  fixed  on  both  confining  surfaces  (Fig.  9). 
The  splay  distortion  of  the  director  field  is  accompanied  by  the  splay 
distortion  of  the  polarization  field.  This  results  in  an  induced  space  charge 


FIGURE  9  The  splayed  states  of  a  ferroelectric  liquid  crystal  for  polar  surface  anchoring.  The 
dipole  moments  prefer  an  “inward”  direction  pointing  into  the  bounding  surface.  This  results  in 
a  splayed  state  were  the  direction  of  the  polarization  is  rotated  by  180°  as  one  moves  from  one 
boundary  to  another. 
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Pinduced(^)  =  -divP,  which  has  substantial  influence  on  both  the  dynamic 
and  static  properties  of  splayed  states  (Fig.  10). 

The  free-energy  density  in  the  constant  amplitude  (tilt)  and  one  elastic 
constant  approximation  is 


g{x)=go+\K8i{^^-\e^eoE^-PE  (14) 

Here  $(x)  is  the  phase  profile  across  the  cell,  £oo  is  the  high  frequency 
dielectric  constant  of  the  crystal  and  P  —  Pq  (cos  sin  0)  is  the 
polarization.  By  introducing  the  electric  potential  E  (x)  =  -  V  ip{x)  and 


FIGURE  10  Variation  of  Py,  and  the  space  charge  density  p  across  the  cell. 
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minimizing  the  free  energy  {X/L)  ^ g{x)dx  with  respect  to  ^(x)  and  (p{x)  we 
obtain  a  set  of  coupled  equations 


+  ^-  sin$o 

K 


dx 


-0 


(15a) 


dx^  £oo^0 


•  sin^o 


dx 


=  0 


(i5b) 


for  the  stationary  phase  profile  and  the  electric  potential.  Here  the  second 
equation  is  in  fact  the  well-known  Poisson  equation,  relating  the  charge 
distribution  to  the  corresponding  potential,  eoc£oV^^p{~t)  =  —p{~t)  = 
divP  (7^).  After  integrating  (15b),  we  obtain  the  sine-Gordon  equation 
for  the  stationary  phase  profile  (x) 


I  Pi 

dx^  ISoo^oKOl 


sin  2$o  =  0 


(16) 


whereas  the  local  electric  field  is  Ex  =  dip / dx  =  {Pq / Soo^o)  cos^o-  The 
above  equations  show  clearly  that  the  presence  of  a  splayed  spontaneous 
polarization  generates  an  internal  local  electric  field  that  has  the  same  role  as 
an  external  homogeneous  magnetic  or  electric  field.  This  field  has  the 
tendency  to  induce  a  soliton-like  deformation  of  the  phase  profile  in  the 
smectic  layer  (Fig.  10). 

Similarly  to  the  magnetic  or  electric-field  induced  soliton  lattice,  the 
solution  of  the  sine-Gordon  which  satisfies  fixed  boundary  conditions  sin  $o 
(x  =  ~L)  =  sin  ^>0  (x  =  +  X )  =  0  is  a  soliton  phase  profile 


sin  $0  =  sn  (w,  k)  (17) 


Here  u  =  xl^pk  +  K  is  a  reduced  coordinate,  y  SooeaKOl/Pl  is  the 
polarization  coherence  length,  K{k)  is  the  complete  elliptic  integral  of 
the  first  kind  and  the  modulus  k  of  the  Jacobi’s  elliptic  functions  is  given  by 
the  transcendental  equation 


k 


d  1 


(18) 
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Let  US  note  that  the  magnitude  of  the  modulus  k  determines  the  type  of  the 
solution:  for  A: 0  we  are  in  the  plane-wave  regime  whereas  for  k-^\  we  are 
in  the  soliton  regime  (Fig.  1 1).  We  have  therefore  a  crossover  from  the  plane- 
wave  modulation  to  the  soliton-like  modulation  of  the  phase  of  the  order 
parameter  in  splayed  cells  (Fig.  11  and  Fig.  12). 


FIGURE  1 1  Spatial  variation  of  the  phase  of  the  splayed  state  across  the  cell  showing  the 
transition  from  the  plane  wave  behaviour  at  small  Pq  to  a  soliton  structure  at  large  Pq. 


(i)  (ii) 


FIGURE  12  Variation  of  Py  across  the  cell  for  a  small  (i)  and  a  large  (ii)  Pq. 
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Soliton  Dynamics  in  Confined  Geometry  with  Polar  Boundary  Conditions 
The  nonequilibrium  phase  profile  is 

^>(x,  j)  =  OoW  +  ^'-e-'/^  (19) 

where  ^  is  the  amplitude  of  the  phase  excitation  and  the  equilibrium  phase 
profile  ^0  satisfies  the  sine-Gordon  Eq.  (15).  The  linearized  Landau- 
Khalatnikov  equation  of  motion,  as  deduced  from  the  nonequilibrium  free- 
energy  density,  appears  in  the  well  known  form  of  the  Lame’s  equation  of 
order  one^^^^ 


^  +lh-  Ik^sn^^o  ]  •  ^'  =  0  (20) 

CIU^ 

The  eigenvalue  h  of  the  Lame’s  equation  is 

(21) 

and  therefore  determines  the  relaxation  rate  of  the  phase  excitation.  The 
eigenfunction,  which  satisfies  the  fixed  boundary  conditions  is  selected  from 
the  general  solutions  of  the  Lame’s  equation 

^  —  sn  (m,  k)  and  h  =  \  (22) 


The  corresponding  relaxation  rate  of  the  lowest-order  mode  is 

-/  _  ^  K^{k) 


(23) 


Plane  Wave  and  Soliton-like  Excitations 

One  of  the  surprising  features  of  the  dispersion  relation  for  solitary  waves  in 
splayed  cells  with  a  variable  thickness  is  the  appearance  of  a  gap  in  the  long- 
wavelength  limit,  qTuXjd^ ^0.  This  is  similar  to  the  magnetic-field  and 
electric  field-induced  gaps  and  is  related  to  the  symmetry  breaking  by  the 
external  field 

The  nature  of  this  phenomena  can  be  further  clarified  by  considering  the 
limiting  values  of  the  dispersion.  For  zero  spontaneous  polarization  we 
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always  have  the  plane-wave  regime  and  the  dispersion  is  parabolic  (Fig.  13) 
^o=0=>*  =  0  :  (24) 

For  a  finite  polarization  Pq  we  can  have  either  a  plane  wave  (A:^0)  or  a 
soliton  (k^l)  regime,  depending  on  the  ratio  d/^p.  For  very  small 
thicknesses  we  have  again  a  plane-wave  regime,  but  the  relaxation  rates 
are  now  polarization  re-normalized  by  an  additional,  thickness  independent 
term: 


Po  =  const.,  d/^p  0  and  k  0  :  r  ^ 

7  \a/  7  p 

For  large  thicknesses,  we  have  a  soliton-like  dynamics,  which  is 
polarization-renormalized  and  there  is  a  finite  gap  at  ^  =  0  (Fig.  13). 

K  1 

Po  =  const.,  Ar(^)  ^  oo  and  k I  :  {q  =  0)  ^  (26) 

7  ^p 


FIGURE  13  Dispersion  relation  for  transverse  phase  excitations  in  a  thin  splayed  cell  in  the 
plane  wave  (Eo"=0)  and  soliton  (Pq^O)  limits.  The  appearance  of  a  gap  at  ^  =  0  in  the  soliton 
limit  is  clearly  seen. 
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Experimental  Results  and  Discussion 

We  have  measured  the  thickness  dependence  of  the  order  parameter 
relaxation  rates  in  the  helicoidal  and  the  unwound  phases  of  CE-8 

The  experiment  was  performed  in  wedge-type  cells  which  were  Nylon 
coated  and  unidirectionally  rubbed  with  a  soft  velvet.  The  thickness  of  the 
cell  was  determined  by  the  4  pm  glass  spacers  on  one  edge  and  a  close 
(proximity)  contact  on  the  other  edge  of  the  glass.  Due  to  the  irregularities 
of  Nylon  layer,  the  thinnest  part  of  the  cell  was  approximatelly  0.3  pm  thick. 
The  thickness  of  each  individual  cell  as  a  function  of  the  position  along  the 
cell  was  determined  by  measuring  the  spectral  transmission.  An  0.5  x 2.0 
mm^  slit  was  used  to  licalize  the  spot,  and  it  was  placed  directly  on  the  glass 
surface  of  an  empty  cell.  In  this  way,  the  local  thickness  of  the  cell  was 
determined  with  an  accuracy  better  than  ±0,05  pm.  The  resulting  wedge 
angle  was  of  the  order  of  1.5x10“^  and  had  a  negligible  effect  on  the 
experiment. 

The  linear  response  “electroclinic”  experiment  measures  the  real  (in- 
phase)  and  imaginary  (out-of-phase)  parts  of  the  linear  electrooptic  response 
X(c^)  of  a  sample  to  a  small  measuring  electric  field  E  =  (£"0,  0,  0)  This 
field  will  couple  to  those  collective  eigenmodes  of  the  system  that  have  a 
finite  space-average  of  the  fluctuating  electric  polarization  {6P  (r  ,?)). 
Because  of  the  interconnection  between  the  polarization  and  the  director 
field,  this  will  result  in  a  finite  value  of  the  space-averaged  director  field 
(6rf  {Y  ,t)).  The  dielectric  tensor  for  the  optical  frequencies  Sij  has  the  same 
symmetry  as  the  tensor  Tf  ,  and  the  change  (6rt  will  be  reflected 

in  the  dielectric  tensor  field.  For  small  external  electric  fields  and 
consequently  small  local  distortions  of  the  director  field,  the  change  of  the 
dielectric  tensor  £ij  can  always  be  expanded  in  terms  of  the  excess 
polarization.  It  is  straightforward  to  show  that  in  the  case  of  a  mirror- 
symmetric  director  field  in  a  splayed  cell,  the  field-induced  change  of  the 
dielectric  tensor  is 


{be)  oc 


0 

0 

0 


0 

0 

{SP.) 


0 

0 


and  is  therefore  linear  in  the  electric  field.  This  change  of  the  dielectric 
tensor  is  detected  with  a  suitable  optical  technique.  It  is  therefore  clear  that 
in  a  linear  electrooptic  experiment  we  detect  polar  eigenmodes  of  the  system, 
i.e.,  the  dielectric  eigenmodes.  This  method  is  therefore  an  optical  analog  to 
dielectric  spectroscopy. 
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In  the  ferroelectric  phase  we  observe  for  all  thicknesses  two  relaxation 
modes,  a  high  and  a  low  frequency  one.  We  assign  them  as  two  phase 
modes.  The  first  mode  has  a  relatively  high  relaxation  rate  in  the  kHz  region. 
It  is  nearly  temperature  independent  except  very  close  to  T^,  and  shows  a 
very  strong  thickness  dependence.  The  relaxation  rate  of  this  phase  mode,  as 
observed  in  CE-8  filled  wedge-type  cells  in  the  splayed  ferroelectric  smectic- 
C*  phase,  is  shown  in  Figure  14  as  a  function  of  l/d^.  For  small  thickness 
(large  the  relaxation  rate  follows  the  predicted  l/d^  dependence,  as 

indicated  by  the  solid  line  in  Figure  3.  If  this  part  of  the  measurements  is 
extrapolated  to  Ijd^^O,  one  can  clearly  observe  a  frequency  gap  of 
approximately  10  kHz  at  \ld^  =  0.  There  is  however  an  obvious  crossover  at 
intermediate  thicknesses  of  approximately  1  pm.  Here,  the  observed  data 
approach  a  line  through  the  origin  of  the  coordinate  system,  so  that  there  is 
in  fact  no  frequency  gap  at  l/c/^  =  0.  We  have  a  soliton-like  dynamics  of 
splayed  states  at  very  small  thicknesses  and  a  crossover  to  the  plane-wave- 
like  dynamics  at  large  thicknesses. 

The  observed  crossover  can  be  explained  by  the  presence  of  ions,  which 
screen-out  the  electrostatic  field.  These  ions  apparently  diminish  the  induced 


FIGURE  14  Observed  dispersion  of  the  fast  transverse  phase  mode  in  CE-8  showing  a  cross¬ 
over  from  the  soliton  regime  at  small  cell  thicknesses  to  the  plane  wave  regime  at  large  cell 
thicknesses. 
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charges  and  drive  the  dynamics  into  the  plane-wave  regime.  If  the  thickness 
of  the  cell  is  much  smaller  than  the  Debye  screening  length,  the  screening 
will  not  be  efficient  and  we  will  have  a  soliton-like  dynamics.  On  the  other 
hand,  for  large  thicknesses,  the  screening  will  be  efficient  and  we  will  have  a 
plane-wave-like  dynamics.  One  can  estimate  that  the  Debye  screening  length 
in  CE-8  would  be  of  the  order  of  0.7  pm,  which  is  of  the  correct  order  of 
magnitude. 

The  relaxation  rate  of  the  low-frequency  relaxation  is  of  the  order  of 
20-30  Hz  and  is  nearly  thickness-independent.  It  shows  in  electric  fields  a 
non-linear  cross  over  to  the  collective  switching  of  the  polarization  of  the 
cell  as  a  whole. 


CONCLUSIONS 

From  the  above  results  we  can  conclude  that: 

a.  Confinement  effects  in  ferroelectric  liquid  crystals  induce  a  soliton 
structure  similar  to  the  one  obtained  in  external  magnetic  and  electric 
fields. 

b.  The  unwinding  transition  of  the  helicoidal  structure  of  ferroelectric  liquid 
crystals  induces  first  a  cross-over  from  the  plane  wave  to  the  soliton 
lattice  type  modulation  regime. 

c.  The  periodic  potential  of  the  soliton  lattice  significantly  influences  the 
phase  mode  dynamics  of  the  system  and  induces  a  gap  in  the  spectrum 
similar  to  the  gaps  between  the  valence  and  conduction  bands  of  an 
electron  in  a  periodic  potential. 

d.  For  a  system  with  polar  boundary  conditions  we  have  observed  below 
the  Sm  A-Sm  C*  phase  transition  two  polar  phase  modes.  The  relaxation 
rate  of  the  higher-frequency  mode  scales  as  the  inverse  square  of  the  cell 
thickness.  This  mode  is  identified  as  a  transverse  solitary  wave  in  the 
splayed  ferroelectric  structure  which  is  characteristic  for  the  confined 
geometry.  The  relaxation  rate  of  the  slow  mode  is,  on  the  other  hand, 
nearly  thickness-independent.  It  shows  in  electric  fields  a  nonlinear 
crossover  to  the  collective  switching  of  the  polarization  of  the  cell  as  a 
whole. 
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In  this  paper,  we  develop  a  rigorous  formulation  of  the  local  stress  field.  This  approach  can  be 
used  in  conjunction  with  any  first-principles  method  to  study  stress  fields  in  complex  bonded 
systems.  In  particular  we  investigate  the  induced  stress  fields  resulting  from  the  homogeneous 
deformations  of  tetragonal  PbTiOa  and  rhombohedral  PbZr03.  As  an  extension  of  these 
findings  we  also  compute  the  induced  stress  fields  resulting  from  homogeneous  deformation  of 
the  (100)  and  (111)  orderings  of  Pb(Zro.5Tio.5)03.  The  stress-field  responses  in  these  four 
materials  are  compared  and  their  piezoelectric  responses  are  discussed. 

Keywords:  Piezoelectricity;  stress  field;  PbTi03;  PbZr03;  PZT;  (100)-Pb(Zro.5Tio,5)03;  (111)- 
Pb(Zro.5Tio  5)03 


PACS  numbers:  77.65.Ly,  77.84.Dy,  71.15.Mb,  31.15.Ar 


1.  INTRODUCTION 

When  mechanical  stress  is  applied  to  a  piezoelectric  material,  microscopic 
atomic  rearrangements  occur  which  give  rise  to  a  change  in  the  macroscopic 
electric  polarization  of  the  material.  Conversely,  application  of  a  voltage 
across  a  piezoelectric  material  produces  an  internal  strain  within  it.  In 
eitther  case,  it  is  the  material’s  internal  structural  behavior  (and  therefore 
spontaneous  polarization)  under  applied  or  induced  stress  that  underlies  the 
piezoelectric  response. 
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The  ability  of  piezoelectric  materials  to  interconvert  electrical  and 
mechanical  energy  lies  at  the  foundation  of  many  electro-optic  and 
electro-acoustic  devices.  The  use  of  piezoelectric  materials  in  these  devices 
stems  from  the  need  to  monitor  the  magnitude  of  induced  or  applied 
electrical  response  through  the  device.  One  of  the  clearest  examples  of  such 
an  application  is  seen  in  the  constant  tunneling  voltage  mode  of  the 
scanning-tunneling  microscope  (STM).^'^  Piezoelectric  materials  also  play  a 
vital  role  in  electro-acoustic  transducers.  In  these  devices  the  piezoelectric 
material  acts  as  an  interpreter  for  the  incoming  (or  outgoing)  sound  wave 
and  the  outgoing  (or  incoming)  electric  signal.  These  types  of  devices  have 
uses  in  underwater  and  medical  ultrasonic  imaging. 

In  this  paper,  we  present  a  first-principles  investigation  of  the  distorted 
perovskite  materials  PbTiOs  and  PbZr03  at  zero  temperature  and  study  the 
spatial  variation  of  their  stress-field  responses  to  an  externally  applied 
uniform  strain.  In  addition,  stress-field  studies  of  the  (100)  and  (111) 
orderings  of  the  solid  solution  Pb(Zro,5Tio.5)03  (PZT)  are  also  reported. 
Our  selection  of  PZT  is  motivated  by  the  wealth  of  experimental  studies 
characterizing  the  strong  piezoelectric  response  in  various  composite  PZT 
ceramics.  In  Section  2  we  briefly  describe  the  formalism  for  construction 
of  the  local  stress  fields.  In  Section  3  we  present  results  for  the  computation 
of  local  stress  fields  induced  by  a  uniform  uniaxial  deformation.  A 
discussion  of  the  local  stress  fields  produced  in  the  simple  perovskite 
crystals  and  the  more  complex  PZT  superlattices  is  provided  in  Section  4 
and  we  conclude  the  paper  in  Section  5. 


2.  STRESS-FIELD  FORMALISM 

It  is  central  to  the  study  of  any  piezoelectric  crystal  to  understand  the 
material’s  internal  response  to  an  externally  applied  strain.  Experimentally, 
a  particular  crystal’s  structural  response  to  an  applied  strain  can  be 
measured  using  various  diffraction  techniques  or  direct  measurement  of 
the  changes  in  the  dimension  of  the  sample  by  electrical  capacitance  or 
optical  interference.  In  order  to  ascertain  the  effect  strain  has  upon 
piezoelectric  response,  these  techniques  are  paired  with  high-field  measure¬ 
ment  of  strain  hysteresis  and  polarization  change.  More  recently,  field- 
induced  strain,  has  been  measured  using  a  displacement  magnification 
technique.  However  because  the  formation  and  testing  of  many  of  these 
strained  materials  is  complicated  and  possibly  destructive,  it  is  advanta- 
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geous  to  have  a  concise  theoretical  method  from  which  information 
concerning  the  microscopic  response  of  a  system  to  an  external  strain  can  be 
extracted. 

We  consider  the  response  of  a  system  to  a  homogeneous  long  wavelength 
deformation  (scaling  transformations  describing  pure  dilation,  strain  or 
shear).  For  an  interacting  system  of  atoms,  the  introduction  of  any  of  these 
uniform  deformations  can  induce  a  force  distribution  on  all  the  structural 
degrees  of  freedom  of  the  unit  cell.  Within  a  harmonic  theory,  the  induced 
atomic  force  distribution,  F,  contains  all  the  relevant  information  about  the 
redistribution  of  the  external  stress  within  the  cell.  Therefore,  the  starting 
point  for  the  computation  of  the  local  stress  fields  is  the  calculation  of  the 
induced  force  distribution.  This  can  be  accomplished  using  local  density 
functional  theory.  These  theoretical  methods  have  proven  to  be  very 
successful  for  studying  structural  phenomena  in  a  broad  class  of  condensed 
phases.  Below  we  outline  our  method  to  compute  the  stress  field  given  the  local 
force  density.  Once  the  stress  field  has  been  constructed,  correlations  between 
the  elastic  response  and  the  structural  features  of  the  system  can  be  made.  A 
more  detailed  explanation  of  the  method  will  be  presented  elsewhere. 

We  begin  with  the  principle  of  virtual  work  in  the  presence  of  an  induced 
force  distribution  Any  set  of  displacements  of  the  nuclear  coordinates  u 
for  a  particular  interacting  system  produces  a  variation  of  the  energy,  C/, 
according  to 


Na 

6U  —  ^  ^  F/^j  •  Uffi 

m=l 


(1) 


where  m  represents  the  m-th  ion  of  the  interacting  system.  It  is  useful  to 
convert  the  displacements  and  forces  to  continuous  fields: 


6U  =  ~  [  d^rF{r)  •  u{f) 
i  ^  JceW 

=  J2f(-G)-u{G). 

G 


(2) 


In  the  last  line  we  have  used  lattice  translational  symmetry  to  transform  the 
force  and  displacement  distributions  to  a  reciprocal-space  representation. 
The  principle  of  virtual  work  can  be  recast  in  terms  of  the  internal  strains  in 
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the  Structure 


6U^  d^ra{f)  •  ?(r ) 

Jcell 

(3) 

=  a^?{-G)  •?((?) 

G 

where  ?  is  the  6-component  stress  field  tensor  and  ?  is  the  6-component 
strain  tensor.  (Since  only  the  contraction  of  two  rank-2  tensors  is  required  in 
equation  (3),  the  tensors  are  represented  as  length-6  vectors  for  simplicity.) 

The  direct  space  components  of  the  strain  tensor  can  be  directly  related  to 
the  displacement  field, 

£„(F)  =  V-r„.i7(r)  (4) 

where  e„  is  the  «-th  component  of  the  strain  tensor  («  =  1 , . . . ,  6)  and  r„  is  the 
3x3  matrix  determining  the  symmetry  of  Transforming  this  relationship 
into  Fourier  space  gives  the  particularly  convenient  result 

e„{G)  =  G^rn-u(G).  (5) 

Combining  equation  (5)  for  all  6  components  of  the  strain  tensor  gives 

1(G)  =?>  •«((?)  (6) 

or 

■^{G)  =  uiG).  (7) 

Inserting  this  relationship  into  the  last  line  of  equation  (2)  and  equating 
lines  (2)  and  (3)  yields 

SU  =  ClY,Fi-G)-V-'  -tiG)  (8) 

G 

=  n^3(-G)  •?((?)  (9) 

G 

Equating  the  arguments  of  the  summations  in  equations  (8)  and  (9)  yields 
all  6  components  of  the  local  stress  field  in  the  reciprocal  space: 


a{-G)=F{-G)-V-'. 


(10) 
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By  transforming  according  to 

(11) 

G 

we  can  construct  the  stress  distribution  in  direct  space,  and  this  result  can  be 
used  to  generate  a  map  of  the  spatial  distribution  of  the  «-th  stress  field  of 
the  system. 

Vanderbilt  has  correctly  pointed  out  that  this  formalism  only  enables 
computation  of  the  stress-field  components  which  possess  the  periodicity  of 
the  unit  cell.  In  addition  the  G  =  0  stress  tensor  can  be  computed  by  the 
approach  of  Nielsen  and  Martin.  Development  of  a  method  for  the 
computation  of  the  stress-field  components  which  are  uniform  in  one  or  two 
dimensions  and  of  finite  wavelength  in  the  others  is  in  progress. 


3.  RESULTS 

The  first-principles  calculations  presented  in  this  paper  are  performed  within 
density  functional  theory,  and  the  local  density  approximation  (LDA)  is 
used  to  describe  the  electron -electron  interactions.  For  the  solid-state 
calculations,  the  single  electron  wave  functions  are  expanded  in  a  plane- 
wave  basis  using  a  cutoff  energy  of  50  Ry. 

To  describe  the  electron-nuclear  interaction,  optimized  pseudopoten¬ 
tials  in  fully  separable  nonlocal  form  are  used.  An  additional  feature 
of  our  nonlocal  pseudopotentials  is  their  improved  transferability  over  a 
wide  range  of  electronic  configurations.  We  have  been  able  to  exploit  the 
.flexibility  contained  in  the  separation  of  the  local  and  nonlocal  parts  of 
the  pseudopotential.  By  designing  the  form  of  the  local  potential  so  that  the 
pseudo-eigenvalues  and  all-electron  eigenvalues  agree  at  an  additional 
charge  state,  it  is  possible  to  improve  the  transferability  of  the  potential 
across  the  charge  states  lying  between  the  original  reference  state  and  this 
second  charge  state. 

Due  to  the  need  for  high  accuracy  when  examining  ferroelectric 
phenomena,  semi-core  shells  are  included  in  the  generation  of  the 
pseudopotentials.  We  include  as  valence  states  the  3s  and  3p  for  Ti  and  the 
4s  and  4p  for  Zr.  The  Sd  shell  is  included  for  Pb.  Furthermore,  scalar 
relativistic  effects  are  included  in  the  generation  of  the  Pb  pseudopotential. 
For  each  metal,  a  pseudopotential  is  constructed  using  a  designed  local 
potential  with  the  addition  of  a  square  well  within  the  core  region.  By  doing 
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SO,  we  are  able  to  achieve  excellent  transferability  of  the  pseudopotential 
over  a  variety  of  charge  and  excited  states.  For  each  of  the  metals,  excellent 
agreement  of  the  pseudo-eigenvalues  and  total  energy  differences  with  the 
all-electron  results  is  achieved  for  charge  states  of  +4  to  neutral.  The 
oxygen  pseudopotential  is  constructed  using  the  s  angular  momentum 
channel  as  the  local  potential. 

Brillouin  zone  integrations  for  PbTiOs  and  PbZr03  were  done  using  a 
4x4x4  Monkhorst-Pack  A:-point  mesh.  It  should  be  noted  that  to 
compute  the  nonuniform  force  distribution  resulting  from  the  application  of 
a  uniform  external  stress,  additional  A:-points  were  needed  due  to  the  broken 
symmetries  in  the  distorted  structure. 

The  calculations  involving  the  rhombohedral  PbZrOs  and  (lll)-PZT 
deserve  closer  consideration.  Crystallographically,  the  zero-temperature 
form  of  PbZrOs  is  orthorhombic  with  40  atoms  per  unit  cell.  In  order 
to  simplify  our  comparisions  of  the  local  stress  fields,  the  structure  of 
PbZr03  was  fully  relaxed  within  the  rhombohedral  symmetry  of  zero- 
temperature  ferroelectric  phase  of  PbZrOs  with  small  Ti  doping. 
Rhombohedral  strains  of  the  unit  cell  shape  away  from  cubic  were  neglected 
since  they  have  been  shown  to  be  quite  small  (~  0.1°).  In  the  case  of 
(1 1 1)-PZT,  rhombohedral  strains  were  also  neglected  to  simplify  analysis  of 
the  induced  local  stress  fields. 

As  part  of  the  local  stress-field  calculations,  complete  structural 
relaxations  of  both  internal  coordinates  and  crystal  lattice  constants  were 
completed  for  the  PbTi03  and  PbZr03  distorted  perovskite  structures.  We 
report  our  atomic  positions  and  lattice  constants  for  tetragonal  PbTiOs  and 
rhombohedral  PbZr03  in  Table  I  and  compare  these  results  with  previous 
theoretical  and  experimental  values  where  possible.  The  absence  of 
experimental  values  for  the  rhombohedral  PbZr03  is  explained  by  our 
simplification  of  the  PbZr03  structure  as  described  above.  In  the  case  of 
PbTi03,  our  agreement  with  previously  reported  theoretical  and 
experimental  results  is  quite  good  and  is  within  the  error  expected  from 
density  functional  solid-state  calculations  done  within  LDA.  For  the 
rhombohedral  PbZr03,  our  results  agree  quite  well  with  the  theoretical 
results  of  Singh.  (In  Singh’s  work,  the  lattice  constant  of  rhombohedral 
PbZr03  was  not  relaxed.  The  theoretically  determined  lattice  constant  of  the 
high  temperature  cubic  perovskite  was  used  instead.) 

Atomic  and  lattice  relaxations  were  also  performed  for  the  PZT 
superlattices.  The  experimental  lattice  constants  as  well  as  theoretical  lattice 
constants  and  relaxed  atomic  positions  are  contained  in  Table  II. 
Experimental  values  for  the  (lOO)-PZT  ceramic  are  taken  for  the  tetragonal 
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TABLE  I  Computed  and  experimental  equilibrium  lattice  constants  and  atomic  positions  for 
tetragonal  PbTiOs  and  rhombohedral  PbZrOs 


Present 

Theory 

Experiment 

PbTiOs 

«(A) 

3.870 

3.862* 

3.905^ 

c/a 

1.063 

1.054 

1.063 

7(Ti) 

0.531 

0.537 

0.540 

^(0„02) 

0.604 

0.611 

0.612 

^(03) 

0.098 

0.100 

0.112 

PbZrOa 

c(A) 

4.143 

4.12^ 

z(Zr) 

0.540 

0.545 

^,T(0,) 

0.583 

0.590 

z(0,) 

0.057 

0.061 

^  Reference  [21], 
^Reference  [22], 
^  Reference  [23]. 


TABLE  II  Computed  equilibrium  lattice  constants  and  atomic  positions  for  tetragonal  (100)- 
PZT  and  rhombohedral  (lll)-PZT.  Experimental  lattice  constants  are  given  for  randomly 
ordered  PZT  ceramics  close  to  the  50-50  batch  composition.  See  text  for  description 


Present 

Experiment 

c(A) 

(100)-Pb(Zro.5Tio.5)03 

.  8.313 

8.279' 

cja 

2.083 

2.053 

z(Pb2) 

0.468 

z(Ti) 

0.211 

z(Zr) 

0.714 

^(O,) 

-0.049 

z(02,03) 

0.185 

2(04) 

0.424 

^(05,06) 

0.660 

c(A) 

(lll)-Pb(Zro.5Tio.5)03 

8.043 

8.164' 

z(Pb2) 

0.498 

z(Ti) 

0.237 

z(Zr) 

0.737 

x(O0 

0.221 

<00 

-0.014 

X(04) 

0.721 

z(04) 

0.470 

'  Reference  [2], 

50  -  50  batch  composition  PZT  ceramic  according  to  Jaffe  et  al.  (ceramic  3 
using  the  notation  from  reference  [2]).  The  experimental  values  for  the  (1 1 1)- 
PZT  ceramic  are  taken  for  a  rhombohedral  PZT  ceramic  close  to  the  50-50 
batch  composition  (ceramic  5  using  the  notation  from  reference  [2]). 

We  studied  the  induced  local  stress  fields  by  calculating  the  internal  force 
distribution  induced  by  a  uniform  external  strain.  The  force  distribution  is 


38 


N.  J.  RAMER  et  al. 


obtained  from  first-principles  density  functional  theory  within  the  LDA 
using  the  Hellmann- Feynman  theorem.  Since  our  stress-field  formal¬ 
ism  relies  on  the  fact  that  any  deformation  must  not  take  the  system  beyond 
lowest  order  in  gradients  of  the  total  energy,  attention  must  be  paid  to  the 
magnitude  of  the  deformations.  We  have  found  that  dh  0.2%  deformations 
in  lattice  lengths  and  ±  0.5°  in  lattice  angles  are  within  the  harmonic  limit  of 
the  potential  energy.  Extension  of  this  work  beyond  harmonic  order  is  a 
promising  direction  for  the  study  of  recently  discovered  piezoelectric  single 
crystals  which  exhibit  large  reversible  strains. 

There  are  6  homogeneous  deformations  which  can  be  made  to  any  crystal: 
dilation  having  the  symmetry  of  /+  uniaxial  strains-tetragonal 
with  symmetry  2x^-  y^-  ^  and  orthorhombic  with  symmetry,  and 

elementary  shear  operations  (xy,  xz,  and  yz).  Based  on  crystal  symmetry 
considerations,  certain  homogeneous  deformations  are  degenerate  and  can 
easily  be  constructed  from  the  other  deformations.  For  a  crystal  subjected  to 
any  of  the  6  homogeneous  deformations  one  finds  a  local  internal  stress  field 
in  all  6  stress  components.  It  is  important  to  note  that  for  a  given 
deformation,  the  induced  stress  fields  corresponding  to  the  5  other 
deformations  must  each  integrate  to  zero  over  the  entire  unit  cell. 

For  brevity,  we  only  report  the  local  stress  fields  induced  by  an  applied 
tetragonal  uniaxial  stress.  In  particular  we  focus  our  discussion  on  the 
internal  tetragonal  and  dilation  stress-field  responses  induced  by  a 
tetragonal  compression.  We  have  omitted  the  dilation  response  stress  fields 
for  the  PbTi03,  PbZrOs  and  (lOO)-PZT  because  they  are  quite  similar  to 
their  respective  tetragonal  responses. 

To  simplify  the  visualization  of  the  stress  fields,  we  have  chosen  to  show 
only  the  regions  of  highest  induced  local  stress.  For  a  tetragonal  response  to 
a  tetragonal  compressive  deformation,  light  blue  regions  correspond  to 
prolate  response  (expansive  along  the  axial  direction  but  compressive  along 
the  equatorial  directions)  and  pink  regions  correspond  to  oblate  response 
(compressive  along  the  axial  direction  but  expansive  along  the  equatorial 
directions).  For  a  dilation  response  to  a  uniaxial  compressive  deformation, 
light  blue  isosurfaces  correspond  to  regions  in  the  unit  cell  undergoing 
compression  in  all  directions  and  pink  isosurfaces  correspond  to  expansion 
in  all  directions. 


A.  Tetragonal  PbTiOs 

Figure  1  shows  the  tetragonal  local  stress  field  produced  in  response  to  a 
uniaxial  tetragonal  deformation  of  the  zero- temperature  equilibrium 
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FIGURE  1  Tetragonal  stress-field  response  to  a  uniaxial  tetragonal  deformation  of  tetragonal 
PbTi03.  (blue  =  lead,  red  =  titanium,  green  =  oxygen).  (See  Color  Plate  I). 


Structure  of  tetragonal  PbTi03.  The  (100)  lattice  direction  contains  the  Pb 
atoms  at  the  lower  left  forward  corner  and  upper  left  forward  corners  of  the 
unit  cell.  We  find  the  region  of  highest  induced  stress  does  not  involve  the  Pb 
atoms  but  instead  straddles  the  Ti  atom  and  is  oriented  along  the  (100) 
direction.  In  the  upper  half  of  the  TiOs  octahedron  lying  along  the  (100) 
direction,  there  is  an  oblate  response  which  would  shift  the  Ti  along  the 
(100)  direction  toward  the  upper  half  of  the  octahedron.  In  addition  to  the 
oblate  response,  there  is  a  prolate  response  in  the  lower  half  of  the  Ti06 
octahedron.  The  effect  of  these  volume  deformations  would  be  to  elongate 
the  lower  half  of  the  oxygen  octahedron  while  shortening  the  upper  half. 
Finally,  there  is  no  significant  stress-field  response  involving  the  oxygens 
lying  equatorial  to  the  Ti  atom. 
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B.  Rhombohedral  PbZr03 

Figure  2  shows  the  tetragonal  local  stress  field  produced  in  response  to  a 
uniaxial  tetragonal  deformation  of  the  zero-temperature  equilibrium 
structure  of  rhombohedral  PbZr03.  The  (HI)  atomic  distortion  direction 
contains  the  Pb  atoms  at  the  lower  left  forward  and  upper  right  rear  corners 
of  the  unit  cell.  In  this  stress  field,  as  in  the  tetragonal  field  for  PbTiOs,  there 
is  pairing  of  oblate  and  prolate  regions  surrounding  the  central  metal  atom. 
However,  there  is  a  clear  difference  between  the  responses  for  the  two 
crystals.  The  regions  in  the  response  for  the  PbZr03  lie  along  a  composite  of 
the  (111)  ferroelectric  distortion  direction  and  (100)  uniaxial  strain 
direction.  The  corresponding  motion  of  the  Zr  is  toward  the  upper  half  of 
the  ZrOe  octahedron,  along  this  composite  direction.  In  addition  to  the 
motion  of  the  Zr  atom,  the  O  atoms  lying  axial  to  the  Zr  atom  are  moving  in 
a  direction  opposing  the  Zr  atom  motion. 


FIGURE  2  Tetragonal  stress-field  response  to  a  uniaxial  tetragonal  deformation  of 
rhombohedral  PbZrOs-  (blue  =  lead,  yellow  =  zirconium,  green  =  oxygen).  (See  Color  Plate  II). 
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C.  Tetragonal  (100)-Pb(Zro.5Tio.5)03 

Figure  3  shows  the  tetragonal  local  stress  field  produced  in  response  to  a 
uniaxial  tetragonal  deformation  of  the  zero-temperature  equilibrium 
structure  of  tetragonal  (100)-Pb(Zro.5Tio.5)03.  The  (100)  lattice  direction 
contains  the  Pb  atoms  at  the  lower  left  forward  corner  and  upper  left 
forward  corners  of  the  unit  cell.  For  this  super-cell,  an  alternating  pattern  of 
oblate  and  prolate  responses  is  found  lying  along  the  4-fold  rotation  axis.  As 
a  result  of  our  imposition  of  tetragonal  symmetry,  we  find  response  in  the 
(lOO)-PZT  superlattice  lying  exclusively  along  the  (100)  direction  indicating 
atomic  motions  purely  in  the  (100)  direction,  similar  to  the  tetragonal 
response  for  PbTiOs.  This  combination  of  responses  leads  to  Ti  and  Zr 
motions  toward  the  lower  halves  of  the  octahedra.  The  axial  O  atoms  show 
opposing  motion  to  the  Ti  and  Zr  atoms. 


FIGURE  3  Tetragonal  stress-field  response  to  a  uniaxial  tetragonal  deformation  of  tetragonal 
(lOO)-Pb(Zro  sTio  5)03.  (blue  =  lead,  yellow ^ zirconium,  red  =  titanium,  green  =  oxygen).  (See 
Color  Plate  III). 
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D.  Rhombohedral  (lll)-Pb(Zro.5Tio.5)03 

Figures  4A  and  4B  show  the  dilation  and  tetragonal  local  stress  fields 
produced  in  response  to  a  uniaxial  tetragonal  deformation  of  the  zero- 
temperature  equilibrium  structure  of  rhombohedral  (lll)-Pb(Zro.5Tio.5)03. 
The  (111)  atomic  distortion  direction  contains  the  Pb  atoms  at  the  lower  left 
forward  and  upper  right  rear  corners  of  the  unit  cell.  The  (100)  lattice 
direction  contains  the  Pb  atom  at  the  lower  left  forward  and  upper  left 
forward  corners  of  the  unit  cell.  There  are  two  crystallographically  unique 
Pb  atoms  lying  along  the  (1 1 1)  direction  in  addition  to  the  Ti  and  Zr  atoms. 


Dilation  Response 

Each  individual  region  of  highest  induced  stress  field  in  the  response  is 
oriented  perpendicular  to  the  (111)  atomic  distortion  direction.  Unlike  the 
responses  for  the  previously  mentioned  crystals,  we  find  the  Ti  and  Zr  atoms 
of  (lll)-PZT  have  negligible  involvement.  Instead  we  report  alternating 
expansion  and  compression  regions  consisting  of  entire  Pb204  octahedra. 


FIGURE  4A  Dilation  stress-field  response  to  a  uniaxial  tetragonal  deformation  of 
rhombohedral  (1 1  l)-Pb(Zro.5Tio,5)03-  (blue  =  lead,  yellow  =  zirconium,  red  -  titanium,  green- 
oxygen).  (See  Color  Plate  IV). 
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FIGURE  4B  Tetragonal  stress-field  response  to  a  uniaxial  tetragonal  deformation  of 
rhombohedral  (1 1  l)-Pb(Zro.5Tio.5)03.  (See  Color  Plate  IV). 


These  octahedra  are  comprised  of  two  adjacent  Pb  atoms  lying  along  the 
(100)  lattice  direction  and  4  equatorial  O  atoms.  The  overall  pattern  of  the 
expansions  and  compressions  shows  the  (111)  stacking  of  the  entire 
superlattice.  Focusing  on  the  Pb  at  the  lower  left  forward  corner,  we  find 
expansion  of  the  Pb204  octahedron  above  this  atom  and  contraction  of  the 
Pb204  octahedron  below,  resulting  in  largely  downward  motion  of  this  Pb 
atom.  Analogous  reasoning  shows  that  the  dilation  stress  field  causes 
upward  motion  of  the  central  Pb  atom.  The  expansion  and  contraction  of 
the  Pb204  octahedra  also  gives  rise  to  equatorial  oxygen  motion  in  the  (100) 
plane.  The  O  atoms  not  involved  in  the  Pb204  octahedra  also  exhibit  atomic 
motion.  Due  to  the  ellipsoidal  shape  of  the  stress-field  regions,  the  O  atoms 
lying  beneath  the  Ti  atoms  are  moving  primarily  upward  along  the  (100) 
while  the  O  atoms  lying  beneath  the  Zr  atoms  are  moving  mostly 
downward. 


Tetragonal  Response 

In  this  response  we  report  a  feature  of  the  stress  field  not  found  in  any  of  the 
other  responses  for  the  other  materials.  Namely,  we  find  oblate  regions  in 
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the  titanate  sub-units  alternating  with  prolate  regions  in  the  zirconate  sub¬ 
units.  In  particular,  the  responsive  regions  encompass  the  entire  B  metal/ 
oxygen  octahedra  of  their  respective  sub-units. 


4.  DISCUSSIONS 

As  a  general  guideline  for  analysis,  it  is  important  to  understand  the 
relationship  between  the  ferroelectric  distortion  direction  for  a  particular 
material  and  the  direction  of  uniaxial  stress.  It  is  the  combination  of  these 
effects  that  will  either  enhance,  diminish  or  change  the  nature  of  the 
ferroelectric  distortion  as  the  stress  is  applied.  We  have  therefore  divided  our 
discussion  of  the  four  materials  according  to  this  guideline.  For  all  of  the 
above  reported  responses  the  direction  of  uniaxial  stress  is  (100). 

In  both  tetragonal  PbTiOs  and  the  (lOO)-PZT  crystals,  the  direction  of 
applied  stress  is  parallel  to  the  direction  of  ferroelectric  distortion.  Because 
of  this  orientation,  we  have  found  stress  field  responses  that  indicate  B  metal 
and  oxygen  motions  along  the  direction  of  the  uniaxial  stress.  Application  of 
positive  stress  moves  the  atoms  from  their  tetragonal  positions  towards  the 
paraelectric  cubic  phase.  Since  the  cubic  structure  is  not  ferroelectric, 
positive  stress  clearly  reduces  the  ferroelectric  distortion;  in  this  way,  the 
local  stress  field  depicts  the  piezoelectric  response  of  these  materials. 

For  the  rhombohedral  crystals,  the  direction  of  uniaxial  stress  is  not 
parallel  to  the  direction  of  ferroelectric  distortion.  The  simplest  depiction  of 
this  is  shown  in  rhombohedral  PbZrOs.  It  is  evident  from  the  tetragonal 
local  stress  field  that  the  directions  of  uniaxial  strain  and  atomic  distortion 
are  competitive  influences  on  the  B  metal  and  oxygen  displacements.  Thus, 
the  local  stress  field  depicts  two  mechanisms  for  the  piezoelectric  response: 
the  rotation  of  the  ferroelectric  distortion  direction  from  the  (111)  toward 
(100)  as  well  as  the  change  in  the  magnitude  of  the  ferroelectric  distortion 
due  to  different  cation  and  anion  responses. 

In  the  case  of  (1 1 1)-PZT,  this  competition  of  influences  is  more  difficult  to 
characterize.  Upon  uniaxial  compression  we  find  no  significant  motion  of 
the  B  metal  atoms.  Instead  we  find  complex  Pb  and  O  motions.  The  origin 
of  O  motion  deserves  particular  attention.  The  motion  along  (100)  and  (lOO) 
of  the  oxygen  atoms  that  lie  directly  above  and  below  the  B  metal  atoms  can 
be  predicted  from  either  the  dilation  or  tetragonal  responses.  However,  the 
complex  motion  of  the  other  oxygen  atoms  can  only  be  ascertained  from  a 
simultaneous  analysis  of  both  reponses.  As  an  illustration,  we  examine  the 
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motion  of  the  O  atom  located  near  (1/4,  0,  1/4).  Because  of  its  position 
relative  to  the  expansion  region  depicted  in  the  dilation  response,  it  has  a 
component  of  atomic  motion  along  the  (001)  direction.  However,  according 
to  the  tetragonal  response,  the  same  atom  also  moves  along  the  (OTO) 
direction  due  to  the  pairing  of  an  oblate  response  centered  in  the  TiOg 
octahedron  and  a  prolate  response  centered  in  the  adjacent  ZrOg 
octahedron.  This  same  type  of  analysis  can  be  done  for  all  the  oxygen 
atoms  lying  equatorial  to  the  B  metal  atoms  and  can  be  used  to  predict  their 
atomic  motions  due  to  uniaxial  compression.  Based  upon  these  atomic 
motions,  it  is  possible  to  characterize  the  piezoelectric  response  in  (111)- 
PZT.  The  piezoelectric  response  can  be  summarized  as  complex  motions  of 
the  Pb  and  O  sub-lattices  against  the  almost  stationary  B  metal  atomic 
positions,  and  not  a  simple  move  toward  a  higher  symmetry  structure,  as 
seen  in  the  previously  described  tetragonal  crystals. 


5.  CONCLUSIONS 

In  this  density-functional  study,  we  have  examined  the  induced  local  stress 
fields  resulting  from  an  externally  applied  homogeneous  uniaxial  deforma¬ 
tion  of  two  distorted  perovskite  structures,  PbTi03  and  PbZr03  and  the 
(100)  and  (1 1 1)-PZT  superlattices.  We  have  found  in  the  case  of  materials  in 
which  the  ferroelectric  distortion  direction  is  parallel  to  the  direction  of 
uniaxial  stress  (tetragonal  PbTiOs  and  (lOO)-PZT),  the  existence  of  a 
piezoelectric  response  involving  atomic  motions  of  the  B  metal  and  axial  O 
atoms.  However,  application  of  stress  along  a  direction  not  parallel  to  the 
ferroelectric  distortion  directions  gives  rise  to  a  complicated  stress-field 
pattern  (rhombohedral  PbZr03  and  (lll)-PZT).  In  particular,  we  report  a 
piezoelectric  response  in  the  rhombohedral  PbZr03  due  to  B  metal  and 
oxygen  atomic  motions  along  a  composite  direction  comprised  of  the  (111) 
atomic  distortion  and  (100)  uniaxial  strain  directions.  In  the  (lll)-PZT 
crystal,  we  find  complex  Pb  and  O  motions  against  a  fixed  B  metal  atom 
sub-lattice  upon  application  of  tetragonal  stress. 

This  study  demonstrates  the  utility  of  stress  fields  and  their  applicability 
to  ferroelectric  phenomena.  The  construction  of  the  local  stress  field  is 
computationally  tractable  and  provides  an  intuitive  way  to  visualize  and 
understand  the  response  of  a  crystal  to  applied  stress.  Stress-field  analyses 
done  in  conjunction  with  spontaneous  polarization  studies  will  further 
broaden  the  understanding  of  piezoelectric  materials. 
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Various  reports  on  large  anomalies  in  the  ferroelectric  acoustic  mode  at  small  wave  vectors  have 
been  evidenced  as  an  instability  to  a  new  coherent  quantum  state.  Especially  in  SrTiOs  this 
anomaly  is  found  to  occur  at  a  characteristic  temperature  which  has  been  detected  by  EPR  and 
Brillouin  scattering  experiments.  The  present  analysis  shows  that  the  observed  anomaly  can  find 
an  alternative  explanation,  i.e.  it  can  originate  from  electron-phonon-driven  anharmonic 
mode -mode  coupling,  which  leads  to  giant  g^-dependent  renormalization  in  the  effective 
electron-phonon  interaction.  These  renormalizations  do  not  only  occur  in  SrTiOs,  but  also  in 
other  oxide  perovskite  ferroelectrics,  e.g.,  in  PbTiOj,  and  stem  from  highly  anharmonic  oxygen 
ion  displacements,  which  are  present  even  for  temperatures  far  away  from  the  ferroelectric 
transition  temperature. 

Keywords:  Nonlinear  lattice  dynamics 


Ferroelectricity  in  oxide  perovskites  is  known  to  stem  from  a  crucial 
hybridization  of  oxygen  p  and  transition  metal  cZ-states,  which  is  strongly 
coupled  to  the  lattice  displacement  field.  First  principles,  as  well  as 
phenomenological  model  calculations,  achieve  consistent  agreement  with 
experimental  data  on  the  temperature  dependence  of  the  soft  optic  mode, 
where  its  frozen-in  displacement  pattern  determines  the  structure  of  the  low- 
temperature  polar  phase.  The  observation  of  the  softening  of  this  transverse 
optic  mode  has  -  for  a  long  time  -  been  evidenced  as  supporting  a 
displacive-type  phase  transition  -  as  opposed  to  the  order-disorder  mechan- 


47 


48 


A.  BUSSMANN-HOLDER 


ism  where  random  hopping  between  equivalent  sites  becomes  correlated  at 
the  transition  point.  That  this  clear  distinction  between  the  mechanisms  is 
not  possible  became  recently  clear  where  from  different  experiments 
controversial  conclusions  about  the  mechanism  were  drawn.  The 
controversy  could  be  clarified'  theoretically  by  showing  that  the  particle 
dynamics  in  strongly  anharmonic  systems  obey  different  time  and  length 
scales  which  show  up  in  different  experiments.  Specifically  it  became  clear 
that  at  least  very  close  to  order-disorder  features  always  dominate  the 
dynamics. 

All  the  above  results,  experimental  as  well  as  theoretical,  concentrate  on 
the  soft  optic  mode  only,  which  is  believed  to  cause  the  ferroelectric 
instability.  For  SrTi03  it  has  been  shown  experimentally  recently  that 
the  acoustic  mode  related  to  the  soft  optic  mode,  shows  a  pronounced 
anomaly  at  small  ^-values,  with  a  well-defined  on-set  temperature  of  40  K. 
The  occurrence  of  this  anomaly  coincides  with  an  anomaly  in  the  EPR 
signal  and  has  been  evidenced  as  a  new  quantum  coherent  state.  This 
explanation  is,  of  course,  very  intriguing  as  conventional  mode -mode 
coupling  theory  is  unable  to  reproduce  these  observations.  Yet,  in  the 
following  it  will  be  shown  that  a  mode -mode  coupling  theory  can  account 
for  these  features  if  it  is  treated  beyond  the  meanfield  level  and  if  the 
coupling  is  provided  through  multiphonon-electron-density  interactions.  As 
these  interactions  are  believed  to  be  present  in  all  oxide  ferroelectric 
perovskites,  it  is  concluded  that  not  only  SrTiOs,  but  also  PbTi03,  KNb03 
or  BaTi03  should  show  distinct  anomalies  in  their  acoustic  modes  and 
consequently  in  the  elastic  constants. 

The  model  which  is  being  used  is  the  quantum-mechanical  analogue  of  the 
phenomenological  two-dimensional  polarizability  model,  which,  by 
means  of  the  Tomogana  transformation,  yields  an  electron-phonon 
interaction  model  extended  by  higher-order  density  -  density  multiphonon 
terms. 
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£ki  is  the  /^-dependent  band-/  energy  with  electron  creation  and 

annihilation  operators,  and  c*,  Vkk'  the  Coulomb  repulsion.  The 

lattice  Hamiltonian  refers  to  the  transition  metal-oxygen  planes  with  pi,  Qt 
momentum  and  conjugate  displacement  coordinate  of  ion  i  (/=1 
corresponds  to  oxygen,  z  =  2  transition  metal  ion)  and  corresponding 
harmonic  mode  frequency  u)i.  As  ui  is  explicitly  admitted  to  become 
imaginary,  the  system  is  stabilized  through  the  higher-order  anharmonic 
terms  proportional  to  g4  and  the  second  nearest  neighbor  interactions  given 
by  Vu'. 

From  i/iatt  only  there  is  no  net  interaction  between  the  two  sublattices. 
This  is  provided  only  through  i/ei-iatt  where  the  linear  electron-phonon 
interactions  g2,i  and  g2,2  couple  on-site  and  intersite,  respectively.  In 
addition  to  the  linear  couplings,  the  term  proportional  to  g4  (q)  is  considered 
which  yields  multiphonon-electron  coupling  and  electron-density-phonon 
interactions.  This  last  term  is  included  to  account  for  the  nonlinear 
polarizability  of  the  oxygen  ion,  which  is  known  to  be  crucially  volume- 
dependent  in  ABO3  systems.  From  Eq.  1  the  equations' of  motion  are 
derived: 
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The  above  system  of  nonlinearly  coupled  equations  is  solved  exactly  self- 
consistently  for  arbitrary  q  for  the  displacement  coordinates  as  well  as  the 
corresponding  frequencies.  This  means  that  opposite  to  former  approaches, 
a  meanfield  treatment  of  the  higher- order  nonlinear  terms  is  not  made  which 
has  the  substantial  advantage  that  finite  q  nonlinear  effects  can  be 
investigated  exactly.  In  order  to  find  the  exact  solutions  numerically,  is 
neglected,  which  corresponds  to  the  ionic  limit,  valid  for  ferroelectrics,  and 
the  phonon  decay  process  is  restricted  to  one  channel  only:  q  =  q'  +  q"  +  q"' 
with  the  corresponding  energy  conservation  The 

Coulomb  interaction  is  explicitly  included  in  the  density  -  density  term 
appearing  in  Aeff  and  might  lead  to  sign  changes  of  Aeff,  if  metallic  systems 
are  considered. 

Exact  solution  for  the  Qi  and  uji  are  obtained  by  starting  from  trial 
frequencies  uju  solve  for  Qi,  reinsert  the  Qi  into  the  equations  of  motion, 
solve  for  ujt  and  iterate  until  convergence  is  achieved.  The  observed  slow 
convergence  is  clearly  a  signature  of  the  metastability  of  the  system.  As 
temperature  effects  are  not  explicitly  included,  the  temperature  is  simulated 
through  the  variation  of  uj\,  which  determines  the  height  of  the  local  double¬ 
well  potentials.  The  remaining  interactions  and  frequencies  have  been  taken 
from  earlier  results  obtained  within  a  meanfield  self-consistent  phonon 
approximation  (MFSPA),  and  it  is  found  that  the  agreement  between  the 
present  and  the  former  calculations  is  astonishingly  good  for  the  overall 
dispersion.  The  dispersion  of  the  two  modes  considered  is  shown  in  Figure  1 
for  three  different  tempratures.  Similar  to  the  previous  results,  mode 
softening  is  observed  for  decreasing  uj\  and  the  overall  impression  does  not 
indicate  substantial  finite  ^-anomalies.  Yet,  from  Figure  2  it  is  clear  that  the 
blown-up  dispersion  for  small  q  shows  substantial  anomalies  in  the  (11) 
direction,  which  are  manifested  below  40  K.  For  comparison  the  MFSPA 
results  are  shown  in  Figure  3.  Even  though  a  softening  of  the  acoustic  mode 
is  apparent  with  decreasing  J\,  the  anomalies  appearing  in  Figure  2  are 
absent.  In  order  to  clarify  the  origin  of  the  pronounced  TA-phonon 
anomaly,  the  ^-dependence  of  Aeff  is  calculated  and  the  normalized  values 
Aeff(^)/Aeff(^  =  0)  is  shown  in  Figure  4.  At  sufficiently  large  temperatures  Aeff 
is  practically  constant  along  the  (11)  and  the  (10)  direction  with  small 
enhancements  along  (11)  around  ^  =  0.3  and  ^  =  0.6.  With  decreasing 
temperature  these  anomalies  shift  to  the  zone  center  and  the  zone  boundary. 
For  r=10K  giant  fluctuations  of  the  normalized  effective  coupling  are 
observed  along  (11)  with  a  pronounced  maximum  at  very  small  ^-values. 
Also  along  the  (10)  direction  a  strong  enhancement  of  the  normalized 
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FIGURE  1  Dispersion  of  the  lowest  transverse  acoustic  and  optic  modes  along  (11)  and  (10) 
for  the  indicated  temperatures. 


FIGURE  2  Enlarged  small  ^-dispersion  corresponding  to  the  framed  area  of  Figure  1  of  the 
same  modes  including  results  for  imaginary  frequency,  i.e.  r<  OK. 


coupling  is  observed  but  here  the  dramatic  ^-dependent  fluctuations  are 
absent  as  already  evidenced  for  the  higher  temperatures.  What  remains 
unresolved,  but  will  be  clarified  in  the  future,  is  the  question  about  the  onset 
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FIGURE  3  Dispersion  of  the  lowest  transverse  acoustic  and  optic  mode  as  obtained  from  the 
MFSPA  calculations  [Ref.  8]. 


FIGURE  4  Normalized  ^-dependent  effective  electron-phonon  coupling  along  (11)  and  (10) 
at  the  indicated  temperatures. 

of  the  acoustic  mode  anomalies.  Due  to  the  above  mentioned  slow 
convergence  of  the  problem  a  systematic  study  of  the  onset  temperature 
has  not  yet  been  carried  through.  Yet,  the  origin  of  the  present  finding  seems 
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to  be  clearly  attributable  to  substantial  anharmonic  dynamical  displace¬ 
ments  of  the  oxygen  ion,  contrasted  to  quasiharmonic  dynamics  of  the 
transition  metal  ion,  which  are  present  at  all  temperatures. 

In  summary,  an  alternative  explanation  for  experimentally  observed 
transverse  acoustic  mode  anomalies  in  ferroelectrics  is  presented  using  an 
anharmonic  electron-phonon  interaction  model,  which  is  solved  exactly  self- 
consistently  for  arbitrary  q.  Thus,  considerable  progress  is  made  in  studying 
the  dynamics  of  nonlinear  systems  as  compared  to  approaches  based  on 
MFSPA  results.  In  agreement  with  experiment  strong  ^-dependent 
anomalies  are  observed  for  the  TA-branch  along  (11),  which  can  be 
attributed  to  giant  fluctuations  in  the  normalized  effective  ^-dependent 
electron-phonon  interaction,  driven  by  the  anharmonic  oxygen  ion 
dynamics. 


A  ckno  wledgement 

It  is  a  pleasure  to  acknowledge  very  useful  comments  by  J.  F.  Scott. 


References 

[1]  Bilz,  H.,  Benedek,  G,  and  Bussmann-Holder,  A.  (1987).  Phys.  Rev.  B,  35,  4840;  See  e.g. 
Proceed.  On  Williamsburg  Workshop  on  “First-Principles  Calculations  on  Ferroelectrics”, 
Ferroelectrics,  164  (1995). 

[2]  See  e.g.  Stachiotti,  M.,  Dobry,  A.,  Migoni,  R.  and  Bussmann-Holder,  A.  (1993).  Phys.  Rev. 
B,  47,  2473,  and  references  therein. 

[3]  Bussmann-Holder,  A.,  Bishop,  A.  R.  and  Benedek,  G.  (1996).  Phys.  Rev.  B,  53,  11521; 
Bussmann-Holder,  A.  and  Bishop,  A.  R.  (1996).  Phil.  Mag.  B,  73,  657. 

[4]  Courtens,  E.,  Hehlen,  B.,  Coddens,  G.  and  Hermion,  B.  (1996).  Physica  B,  219-220,  577; 
Hehlen,  B.,  Perou,  A.-L.,  Courtens,  E.  and  Vacher,  R.  (1995).  Phys.  Rev.  Lett.,  75,  2416. 

[5]  Muller,  K.  A.,  Berlinger,  W.  and  Tosatti,  E.  (1994).  Z.  Phys.  B,  94,  12596. 

[6]  Migoni,  R.,  Bilz,  H.  and  Bauerle,  D.  (1978).  Phys.  Rev.  Lett.,  37,  111. 

[7]  Bussmann-Holder,  A.,  Bilz,  H.,  Roenspiess,  R.  and  Schwarz,  K.  (1980).  Ferroelectrics,  25, 
343. 

[8]  Bussmann-Holder,  A.,  Bilz,  H.  and  Benedek,  G.  (1980).  Phys.  Rev.  B,  39,  9214. 

[9]  The  onset  temperature  of  the  acoustic  mode  anomaly  has  recently  been  adressed  by  Scott, 
J.  T.  Ferroelectrics,  in  press. 


Ferroelectrics,  1998,  Vols.  206-207,  pp.  55-67 
Reprints  available  directly  from  the  publisher 
Photocopying  permitted  by  license  only 


©  1998  OPA  (Overseas  Publishers  Association) 
Amsterdam  B.V,  Published  under  license 
under  the  Gordon  and  Breach  Science 
Publishers  imprint. 
Printed  in  India. 


ELECTRONIC  STRUCTURES  AND  THE 
PHASE  STABILITY  OF  PEROVSKITE-TYPE 
OXIDES  KNbOs  AND  KTaOj 

MICHIHIDE  KITAMURA*  and  HAYDN  CHEN’’ 

^Department  of  Electrical  and  Electronic  Engineering,  Utsunomiya 
University,  2753  Ishii-machi,  Utsunomiya,  Tochigi  321,  Japan; 
^Department  of  Materials  Science  and  Engineering,  University  of  Illinois 
at  Ur bana- Champaign,  1304  West  Green  Street,  Urbana  IL  61801,  USA 


(Received  20  February  1997;  In  final  form  6  May  1997) 


Electronic  structures  of  perovskite-type  oxides  of  KNbOs  and  KTaOs  are  calculated  for  the  first 
time  by  the  band  theory  based  on  the  self-consistent-charge  extended  Hiickel  tight-binding 
(SCC-XHTB)  method  including  the  self-consistent-field  (SCF)  atomic  structure  calculations 
and  the  scalar  relativistic  correction.  By  using  the  resultant  densities  of  states  and  the  SCO’s,  the 
total  energies  are  evaluated  for  both  cubic  and  tetragonal  phases.  It  is  found  that  the  KNbOs  is 
stable  for  the  tetragonal  phase  and  the  KTaOa  is  stable  for  the  cubic  one. 

Keywords:  KNbOs;  KTaOs;  SCF;  perovskite-type 


1.  INTRODUCTION 

Perovskite-type  compounds  ABC^  have  been  extensively  studied  from  both 
experimental  and  theoretical  points  of  view,  especially  the  perovskite-type 
oxides  ^,503  such  as  ^Ti03  with  yl  =  Ca,  Sr,  Ba  and  Pb  and  K,S03  and 
Li503  with  ,5=Nb  and  Ta,  have  been  great  interested  in  physics, 
because  the  ferroelectric  behavior  is  found  in  some  of  the  ABOfs  and  the 
structural  phase  transition  from  the  cubic  phase  ,to  the  tetragonal  one  is 
observed  at  the  transition  temperature  T^.  The  ferroelectric  property  is  of 
course  closely  related  to  the  electronic  structure  of  crystal,  so  it  is  very 
important  task  to  calculate  the  electronic  structures  of  the  ABOf%  on  the 
basis  of  the  self-consistent  manner. 
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We  have  already  calculated  the  electronic  structures  of  some  crystals  on 
the  basis  of  the  extended  Hiickel  tight-binding  (XHTB)  method,  and  found 
that  the  XHTB  method  is  well  applicable  to  the  studies  of  not  only  the 
electronic  structures  but  also  the  phase  stability  and  the  elastic 
property.  In  order  to  do  a  further  study  for  the  electronic  structure  of 
crystal,  in  the  present  paper,  the  previous  band  theory  based  on  the  XHTB 
method  is  extended  in  such  a  way  that  the  calculation  satisfies  the  condition 
of  the  self-consistent-charge  (SCC),  and  in  order  to  check  the  reliability  of 
the  band  theory  based  on  the  self-consistent-charge  extended  Hiickel  tight- 
binding  (SCC-XHTB)  method,  the  electronic  structures  of  perovskite-type 
oxides  KNb03  and  KTaOs  are  studied  as  a  first  application  of  the  SCC- 
XHTB  band  structure  calculation.  The  motivation  of  the  present  paper  is  to 
extend  the  XHTB  method  which  is  easily  applicable  to  the  electronic 
structure  calculations  of  complicated  structure  materials  such  as  a  relaxor  so 
as  to  satisfy  the  condition  of  the  self-consistent-charge  (SCC),  and  to  apply 
the  method  to  the  electronic  structure  calculations  of  perovskite-type  oxides 
KNbOs  and  KTaOa  as  a  first  step.  Here,  it  should  be  noted  that  the  SCC- 
XHTB  band  structure  calculation  includes  the  self-consistent-field  (SCF) 
atomic  structure  calculations  in  each  iteration  routine,  and  that  the  SCF 
atomic  structure  calculation  is  based  on  the  Hartree-Fock-Slater  method 
using  the  atomic  data  of  Herman  and  Skillman*^^^^  and  the  Schwarz’s 
exchange  parameter  for  the  exchange  corrections.  Moreover,  it  is 
mentioned  that  the  relativistic  effects  except  for  the  spin-orbit  interaction 
have  also  been  included  by  the  perturbation  theory,  in  order  to  calculate  the 
energy  levels  as  correctly  as  possible. 


2.  THEORY 

The  theoretical  details  for  the  XHTB  method  have  already  been  given  in 
Ref.  16  so  in  the  present  section,  we  briefly  state  the  XHTB  method  and 
describe  how  the  number  of  electron  on  a  valence  orbital  is  calculated  in  the 
SCC-XHTB  band  structure  calculation. 

The  Schrodinger  equation  to  be  solved  is 

H^M=£A(r),  (1). 

and  the  one-electron  wave  function  ^k(r)  specified  by  a  wave  vector  k  within 
the  first  Brillouin  zone  (BZ)  is  written  as 

(■■)  =  X  i  L  ’  (k.  r) . 

L 


(2) 
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xf  (k,r)  =  -  (3) 

where  </>  (r  -  R  is  the  atomic  orbital  with  a  quantum  state  denoted  by 
the  collective  index  L=  (/,  m)  for  the  /i  ion  located  at  R^,  and  the  atomic 
orbital  (r)  is  numerically  obtained  by  using  the  self-consisten-field 
(SCF)  atomic  structure  calculation  based  on  the  Hartree-Fock- Slater 
method 

The  matrix  equation  to  be  solved  is  a  generalized  eigenvalue  problem  such 
as 


H(k)u(k)=£kS(k)u(k),  (4) 

and  the  matrix  elements  are  given  by 

=  (xi'‘’(k,r)|H|xi‘;>(k,r)) 

4';l;'‘'’(k)  =  {Xt^(k,r)|xi‘;’(k,r)) 

=  ^e«.(4'')(r)|4‘;)(r-R.)>,  (6) 

R. 


Here,  the  matrix  element  in  Eq.  (5)  is  evaluated  in  the  XHTB  method  as 
follows: 


(0  W(r)lH|(r  -  R,))  =  {G/2){e<-f  + 

x(«ii'')(r)|<^W(r-R.)>,  (7) 

where  is  the  atomic  energy  including  both  the  Madelung  and  the 
relativistic  corrections,  and  G  is  an  adjustable  parameter  usually  set  to  the 
value  of  1.75.  The  overlap  integral  -  Rj,))  can  be  transformed 

into  basic  overlap  integrals  A  (Ri,)  with  £,  i'  =  s,  p  and  d  and  A  =  tt 
and  6  by  use  of  direction  cosine  (a,  jS,  7)  of  R^,,  as  shown  in  the  table  of 
Slater  and  Koster.  The  basic  overlap  integral  is  calculated  using  an  elliptic 
coordinate  and  the  atomic  orbitals  obtained  numerically  from  the  SCF 
atomic  structure  calculations.  The  electronic  structure  calculations  using  the 
XHTB  method  we  have  already  done  have  indicated  that  Eq.  (7)  is  fairly 
available  for  the  evaluation  of  the  Hamiltonian  matrix  elements, 
however,  this  equation  may  overestimate  the  Hamiltonian  matrix  elements 
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between  core-like  orbitals  because  of  the  deep  energy  levels  of  those. 
Physically,  the  Hamiltonian  matrix  elements  between  the  core-like  orbitals 
should  be  small,  so  that  in  the  present  paper  those  matrix  elements  are  set  to 
zero  instead  of  doing  the  evaluation  by  Eq.  (7). 

The  total  density  of  states  D{E)  is  defined  by 

n 

Z)(£)  =  2y]5(£-£’k)>  (8) 

k 

and  the  partial  density  of  states  P  (E)  is  defined  by 

(9) 

k 


where 


/W(k)  =  vf*(k)vW(k)  /  vM'(k)vM(k).  (10) 

Here  v^^^(k)  is  the  projected  value  of  the  total  wavefunction  l^kW) 
represented  as  ^  which  is  a 

Bloch  state  characterized  by  the  site  //  and  the  quantum  state  L={n,  /,  m), 
i.e.,  (xi'‘>(k,r)|3',(r)),  so 

(11) 

ii'  L! 

It  should  be  mentioned  here  that  the  v[^^(k)  is  equal  to  the  u^^\k)  when  the 
basis  set  is  orthogonal,  i.e.,  ^(k)  =  the  case,  it  is  of  course 

noted  that /if^(k)  =  because  of  (k)  =  1. 

The  energy  shift  due  to  the  relativistic  effect  is  originated  from  the  mass- 
velocity  term  /,  the  Darwin  term  and  the  spin-orbit  interaction 

term  which  is  zero  for  /  =  0  and  for  0  it  is  given  by  ^  for  /+  1/2  and 

-(/+  1)A£^^.„/  for  /-1/2,  and  they  are  calculated  using  the  perturbation 
theory  as  follows: 


Ae 


(/^)  _ 
M;n,l 


_ 


-  0'/“  (0(4^,/  -  V<^\r)fdr, 


(12) 

(13) 
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Ae 


(m)  _ 

SO-,nJ  — 


- 

r  dr 


(14) 


Here  o;  is  a  fine  structure  constant  and  V^^\r)  are  the 

energy  eigenvalue,  the  radial  function  and  the  atomic  potential  obtained 
from  the  self-consistent-field  (SCF)  atomic  structure  calculation  for  /i  atom. 
The  energy  with  the  qua  turn  state  ( L)  used  in  the  present  SCC-XHTB 
band  structure  calculation  is  obtained  by  adding  the  relativistic  corrections 
except  for  the  spin-orbit  interaction  into  the  Madelung  corrected  energy 
with  the  (MjT). 


3.  CALCULATION 

The  band  theory  based  on  the  self-consistent-charge  extended  Hiickel  tight- 
binding  (SCC-XHTB)  method  is  constructed  by  joining  the  molecular- 
orbital  (MO)  theory  based  on  the  SCC-XHTB  method  and  the  band 
theory  based  on  the  XHTB  method.  The  theoretical  details  for  the  SCC- 
XHTB  MO  and  the  XHTB  band  theories  have  already  been  given  in  our 
previous  papers  and  the  section  II,  so  in  the  present  paper,  only  the 

flow  chart  of  SCC-XHTB  band  structure  calculation  for  the  perovskite-type 
oxides  ABO2,  is  shown  in  Figure  1.  In  the  present  paper,  the  electronic 
structures  for  not  only  the  symmetry  (cubic  phase)  but  also  the  one 
(tetragonal  phase)  are  calculated  to  study  the  phase  stability  of  the  K5O3 
with  .ff  =  Nb  and  Ta.  In  order  to  avoid  the  numerical  error  due  to  the 
difference  of  the  calculational  routines,  the  same  program  is  used  for  the 
electronic  structure  calculations  of  both  the  cubic  and  tetragonal  phases,  i.e., 
even  in  the  case  of  the  cubic  phase,  the  band  structure  calculation  is  carried 
out  using  the  Brillouin  zone  with  £>4/^  symmetry  whose  shape  is  of  course 
cubic  in  this  case. 

The  orbitals  as  a  basis  set  used  in  the  SCC-XHTB  band  structure 
calculations  of  K^Oa  with  .5  =  Nb  and  Ta  are  3p  and  4s  orbitals  of  K  atom, 
4d,  5s  and  5p  ones  of  Nb,  5d,  65  and  6p  ones  of  Ta,  and  2s  and  2p  ones  of 
oxygen.  The  3p  orbital  of  K  atom  and  the  2s  orbital  of  oxygen  can  be 
regarded  as  the  core-like  orbital,  so  in  the  present  paper,  the  numbers  of 
electrons  on  these  orbitals  are  fixed  in  the  iterational  routine  in  the  SCC- 
calculation.  Namely,  the  valence  orbitals  used  in  the  SCC-XHTB  band 
structure  calculation  and  the  numbers  of  electrons  on  the  orbitals  are  set  to 
K:  3pHs^,  Nb:  4d^5s''5p'^,  Ta:  5d%s''6p'^,  and  O:  2s^2p\  The  values  of  x,  w, 
V,  w  and  z  are  of  course  obtained  when  the  condition  of  the  SCC  is  satisfied 
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FIGURE  1  Flow  chart  of  the  band  structure  calculation  based  on  the  self-consistet-charge 
extended  Hiickel  tight-binding  (SCC-XHTB)  method. 


within  a  given  charge  resolution.  In  the  present  paper,  the  value  of  0.0 le  was 
used  as  the  charge  resolution. 

The  present  SCC-XHTB  band  structure  calculation  is  carried  out  for  both 
the  cubic  and  tetragonal  phases.  The  experimental  lattice  constant  was 
used  for  the  cubic  phase,  and  in  order  to  study  symmetrically  the 
structural  stability  of  the  K^Os,  the  lattice  constants  and  for  the 
tetragonal  phase  were  not  the  experimental  ones,  but  were  decided  in  such  a 
way  that  x  c^\  i.e.,  the  volume  of  a  crystal  is  not  changed  by  the 

structural  phase  transition.  Generally,  actual  lattice  constants  of  the 
tetragonal  phase  are  not  so  distant  from  that  of  the  cubic  phase,  so 
was  defined  by  kaQ^  and  in  the  present  paper,  the  value  of  0.997  was 
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adopted  as  k.  Used  lattice  constants  are  tabulated  in  Table  L  Furthermore, 
in  order  to  study  systematically  the  effect  of  lattice  distortions  which  breaks 
an  inversion  symmetry,  in  the  present  paper  the  lattice  distortions  observed 
in  the  polar  tetragonal  phase  have  been  made  by  settling  the  value  of  6  to 
0.02  which  describes  the  lattice  displacement  (in  cq)  along  with  a  c-axis  of  all 
the  oxygens.  Total  energy  in  units  of  eV/cell  consists  of  the  energy  E^i 
come  from  electrons  and  the  energy  £'stat  from  the  electrostatic  interaction 
between  charged  ions.  Here,  it  should  be  noted  that  in  the  present  paper,  the 
jFei  includes  not  only  the  energy  ED{E)dE)  due  to  the  valence 

band  but  also  the  energy  5]core”core£core)  due  to  the  core  orbitals. 

The  number  of  sampling  points  of  k  used  to  calculate  the  density  of  states 
is  4096.  Reference  25,  which  has  stated  that  256  sampling  points  are  enough 
to  obtain  the  well  converged  band  energy  for  zincblende  structure 
semiconductors,  may  clarify  that  4096  sampling  points  are  large  enough 
to  obtain  the  converged  results,  in  spite  of  the  structural  difference  between 
the  [001]  uniaxial  strain  applied  zincblende  structure  and  the  tetragonal 
structure  considered  in  the  present  paper. 


4.  RESULTS  AND  DISCUSSION 

The  total  density  of  states  (TDOS)  for  KNbOa  obtained  from  the  SCC- 
XHTB  band  structure  calculation  is  shown  in  Figure  2(a),  and  that  for 
KTa03  is  shown  in  Figure  3(a).  From  these  figures,  first  we  can  see  that  the 
TDOS’s  of  KNbOs  and  KTa03  are  very  similar  to  each  other,  and  that  the 
valence  band  consists  of  three  bands,  lower,  middle  and  upper  bands,  and 
the  conduction  band  consists  of  two  bands  (lower  and  upper),  in  spite  of  the 
observation  that  the  middle  and  upper  valence  bands  are  somewhat 
overlaped  in  the  KTa03.  The  calculated  energy  gap  ^g^^^^in  eV  is  3.75  for 
KNb03  and  4.75  for  KTa03  within  the  energy  resolution  of  0.25  eV,  which 


TABLE  I  Values  of  the  self-consistent-charges  x,  u,  v,  w  and  z  obtained  from  the  self- 
consistent-charge  extended  Hiickel  tight-binding  (SCC-XHTB)  band  structure  calculation  and 
the  resultant  charges  ^(K),  q(B)  and  ^(O)  for  the  KBO^  with  5  =  Nb  and  Ta.  The  SCC’s  x,  u,  v, 
w  and  z  are  numbers  of  electrons  on  the  K-4s,  Nb(Ta)-4(5)t/,  Nb(Ta)-5(6)5,  Nb(Ta)-5(6)/7,  and 
0-2p  orbitals.  Lattice  constant  (atomic  units)  for  the  cubic  phase  and  the  calculated  and 
experimental  energy  gaps  (eV),  and  are  also  tabulated 


Crystal 

u 

V 

w 

z 

q(K) 

q(B) 

q(0) 

^0 

p'icol) 

r  {exp) 
^g 

KNbOa 

0.38 

1.75 

0.43 

1.23 

AJA 

0.62 

1.59 

-0.74 

7.572 

3.15 

~3.3 

KTaOs 

0.39 

1.76 

0.45 

1.19 

A.IA 

0.61 

1.60 

-0.74 

7.537 

4.75 

3.79 

62 


M.  KITAMURA  AND  H.  CHEN 


FIGURE  2  Densities  of  states  (DOS’s)  (states/eV  cell)  within  the  energy  resolution  of  0.25  eV 
for  the  perovskite-type  oxides  KNbOj  obtained  by  using  the  SCC-XHTB  band  structure 
calculation,  (a)  The  total  density  of  states  (TDOS),  (b)  the  partial  density  of  states  (PDOS)  for 
K-3/J  orbital,  (c)  the  PDOS  for  Nb-5/»  orbital,  (d)  the  PDOS  for  Nh-4d  orbital,  and  (e)  the 
PDOS  for  0-2p  orbitals.  Energy  in  eV  is  measured  from  the  vacuum  level.  The  energy  position 
of  the  valence  band  maximum  is  indicated  by  an  arrow. 


are  satisfactory  for  the  comparison  with  the  experimental  values  of  ~  3.3 
(Ref.  8)  for  the  former  and  3.79  (Ref.  8)  for  the  latter.  The  values  of  the 
calculated  SCC’s  x  ,  u,  v,  w  and  z  and  the  resultant  charges  ^(K),  ^(B)  and 
^(O)  are  tabulated  in  Table  I  together  with  the  energy  gap  and  the  lattice 
constant  The  common  feature  observed  in  both  TDOS’s  is  that  the 
lower  valence  band  mainly  consists  of  2s  orbitals  of  oxygens  denoted 
hereafter  as  0-2^  orbitals  and  that  the  K-45'  and  the  Nb(Ta)-5(6)5  and  5(6)p 
orbitals  make  small  DOS’s.  Namely,  it  is  noted  that  the  other  valence 
orbitals,  i.e.,  the  K-3p,  the  Nb  (Ta)-4(5)6?  and  the  0-2p  orbitals,  make 
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FIGURE  3  The  same  as  in  Figure  3,  but  for  KTaOs.  (a)  The  TDOS,  (b)  K-3jp  PDOS,  (c)  Ta- 
6p  PDOS,  (d)  Ta-Sd  PDOS,  and  (e)  0-2p  PDOS. 


almost  all  the  valence  and  conduction  bands.  In  the  following,  therefore,  we 
focus  our  attention  on  the  middle  and  upper  valence  bands  and  the 
conduction  band  which  play  an  essential  role  on  the  study  of  the  electronic 
property  of  the  ABO^. 

The  partial  densities  of  states  (PDOS’s)  obtained  for  KNbOs  are  shown  in 
Figures  2(c),  (d)  and  (e),  and  those  for  KTaOs  are  shown  in  Figures  3  (b), 
(c),  (d)  and  (e).  In  these  figures,  the  PDOS  for  the  K-3;?  orbital  denoted  as 
K-3p  PDOS  is  shown  in  (b),  the  Nb(Ta)-5(6)/7  PDOS  is  in  (c),  the  Nb(Ta)“ 
A{5)d  PDOS  is  in  (d),  and  the  0-2p  PDOS  is  shown  in  (e).  We  can  also  see 
that  the  PDOS’s  KNb03  and  KTa03  are  similar  to  each  other  as  well  as 
the  case  of  the  TDOS.  From  the  comparison  of  the  TDOS  in  (a)  and  the 
Nb(Ta)-4(5)t/  PDOS  in  (d),  it  is  found  that  the  5-nd  valence  orbital  in  the 
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K5O3  makes  almost  all  the  conduction  band,  but  that  the  considerable 
DOS’s  due  to  the  5-nd  orbital  are  formed  on  the  upper  valence  band.  This 
observation  on  the  upper  valence  band  clearly  shows  that  the  hybrid  of  0-2p 
and  Nb(Ta)-4(5)^/  orbitals  is  sizable  on  the  upper  valence  band.  Actually, 
these  DOS’s  on  the  upper  valence  band  have  already  been  observed  in  the 
photoelectron  spectroscopy  for  KNb03  and  KTa03  (Ref.  8).  Next,  it  is  seen 
from  (b)  that  the  K-3p  orbital  mainly  contributes  to  the  middle  valence 
band,  and  finally,  from  (e)  we  can  see  that  the  O-lp  orbitals  mainly 
contribute  to  the  upper  valence  band. 

Neumann  et  al.  have  measured  the  photoelectron  spectra  (PES)  of 
KNbOs  and  KTa03,  and  compared  them  with  the  spectra  calculated  on  the 
basis  of  the  self-consistent  scalar-relativistic  linear-muffin-tin-orbital 
(LMTO)  method.  As  well  as  our  calculation,  they  have  also  found  in  both 
the  experiment  and  calculation  that  there  is  no  significant  difference  between 
the  spectra  obtained  for  KNb03  and  KTaOs.  The  spectrum  to  be  compared 
with  the  PES  is  obtained  by  multipling  the  Fermi  distribution  function  and 
the  Lorentian  into  the  TDOS.  The  TDOS  and  the  spectrum  calculated  by  us 
for  KNb03  are  shown  in  Figures  4(a)  and  (b)  together  with  the  experiment 
in  (c)  and  calculation  in  (d)  done  by  Neumann  et  al.  They  have  obtained  the 
spectrum  to  be  compared  with  PES,  which  is  drawn  by  a  broken  curve  in 
Figure  4(d),  by  convoluting  a  Gaussian  of  2.5  eV  full  width  at  half 
maximum  into  the  TDOS.  In  the  present  calculation,  the  Lorentian  with  a 
width  of  2.0  eV  was  used  to  obtain  the  spectrum  to  be  compared  with  the 
PES,  tentatively.  The  experimental  spectrum  shown  in  Figure  4(c)  consists 
of  three  structures,  a,  (3  and  7.  Aside  from  the  peak  position  of  the  structure 
P,  it  seems  that  both  the  calculated  spectra  shown  in  (b)  and  (d)  satisfactory 
predict  the  experimental  feature.  Our  calculation  shows  that  the  structure  a 
is  originated  from  the  0-25'  orbitals,  the  structure  j3  is  come  from  the  K-3/7 
orbital,  and  the  structure  7  is  made  from  the  0-2p  orbitals  including  Nb-4<i 
orbital  considerably,  as  can  be  seen  from  Figure  2.  Our  assignment  for  the 
structures  a,  p  and  7  is  the  same  as  Neumann  et  ai,  however  the  origin  of 
the  disagreement  between  the  experimental  and  the  calculated  peak 
positions  of  the  structure  p  should  be  clarified.  Generally,  a  reasonable 
result  should  be  found  from  a  method  in  which  a  wavefunction  is  well 
represented  and  the  Hamiltonian  matrix  elements  are  well  evaluated,  so  we 
think  that  the  expansion  of  the  wavefunction  seems  to  be  not  enough  to 
represent  the  electronic  state,  especially  for  the  K  atom.  In  the  present 
situation,  however,  we  can  not  check  this  point  explicitly,  because  of  the 
restriction  for  the  number  of  Bloch  states  used  in  the  program.  At  the  end  of 
this  paragraph,  we  wish  to  make  a  comment  for  the  charges  ^(K),  q{B)  and 
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FIGURE  4  Comparison  of  the  calculated  spectra  with  the  experimental  one  for  KNb03.  (a) 
The  total  density  of  states  (TDOS)  calculated  by  authors  using  the  self-consistent-charge 
extended  Hiickel  tight-binding  (SCC-XHTB)  method,  (b)  the  spectrum  obtained  by  multipling 
the  Fermi  distribution  function  and  the  Lorentian  with  a  width  of  2.0  eV  into  the  TDOS  drawn 
in  (a),  (c)  the  photoelectron  spectrum  (PES)  observed  by  Neumann  et  al.,  and  (d)  the  TDOS 
(solid  curve)  calculated  by  Neumann  et  al.,  using  the  self-consistent  scalar-relativistic  linear- 
mulhn-tin-orbital  (LMTO)  method,  where  a  broken  curve  was  obtained  by  convoluting  a 
Gaussian  of  2.5  eV  full  width  at  half  maximum  into  the  TDOS. 

^(O)  of  K,  B  and  O  ions  of  the  Ki503  with  ^  =  Nb  and  Ta.  Neumann  et  al. 
roughly  presented  the  charge  distributions  such  as  and 

j^-o.87j^+o.77q+o.io  think  that  it  is  natural  to  consider  that  K,  Nb  and 
Ta  atom  act  as  the  cation  and  O  atom  works  as  the  anion.  As  can  be  seen 
from  Table  I,  our  result  for  the  charge  behaves  of  course  like  this. 

Finally,  we  will  discuss  the  phase  stability  of  the  K.6O3  with  5  =  Nb  and 
Ta.  As  already  mentioned,  the  total  energy  -^tot  consists  of£<ba„d)_^^core)^nd 
-Estat-  The  energy  differences,  Afito,,  and  A^stat,  of  those 

energies  calculated  for  the  K.5O3  with  both  the  cubic  and  tetragonal  phases 
are  tabulated  in  Table  II  together  with  the  used  lattice  constants  and  the 
transition  temperature  Tc  of  KNb03  (Ref.  26).  Here,  it  is  well  known  that 
the  KTa03  holds  the  cubic  phae  untill  at  least  1.6  K  (Ref.  26).  Table  II 
clearly  shows  that  KNbOs  is  stable  for  the  tetragonal  phase  and  KTa03  is 
stable  for  the  cubic  phase.  Here  we  should  renote  that  in  the  tetragonal 
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TABLE  II  Differences  AE'^tat  and  AE’tot  between  the  energies 

^stat  and  Etot  calculated  for  both  cubic  and  tetragonal  phases.  The  energy  is  in  units  of  eV/cell. 
The  lattice  constants  aQ\aQ^  and  c^^in  atomic  units  used  for  the  cubic  and  tetragonal  phases 
and  the  transition  temperature  of  KNb03  are  also  tabulated.  Note  that  in  the  tetragonal 
phase,  the  lattice  displacements  along  with  a  c-axis  are  assumed  for  all  the  oxygens,  and  the 
value  of  the  displacement  has  been  set  to  0.02  in  units  of  cq 
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- 

phase  considered  in  the  present  paper,  the  effect  of  lattice  distortions  which 
break  an  inversion  symmetry  is  taken  into  account  by  uniform  displace¬ 
ments  along  with  the  c-axis  of  all  the  oxygens.  In  order  to  do  a  further  study 
for  the  structural  stability,  it  is  necessary  to  know  the  geometrical 
arrangements  of  not  only  the  cubic  phase  but  also  the  tetragonal  phase 
including  the  lattice  distortions,  but  unfortunately  there  are  no  data  for  the 
tetragonal  phase  of  KTaOs. 


5.  SUMMARY 

A  band  theory  has  been  developed  by  joining  the  molecular-orbital  (MO) 
theory  based  on  the  self-consistent-charge  extended  Hiickel  tight-binding 
(SCC-XHTB)  method  and  the  band  theory  based  on  the  XHTB  method, 
and  the  developed  SCC-XHTB  band  theory  has  been  applied  for  the  first 
time  to  the  electronic  structure  calculations  of  perovskite-type  oxides 
KNb03  and  KTaOs.  For  the  valence  band,  it  has  been  found  that  the  band 
consists  of  lower,  middle  and  upper  bands,  the  lower  one  is  mainly  come 
from  the  2s  orbitals  of  oxygens,  the  middle  one  is  come  from  K-3p  orbital, 
and  the  upper  one  is  constructed  by  the  hybrid  of  the  0-2p  and  the  Nb(Ta)- 
4(5)d  orbitals.  For  the  conduction  band,  it  has  been  demonstrated  that  the 
Nb(Ta)-4(5)cf  orbital  makes  almost  all  the  conduction  band. 

By  evaluating  the  total  energy  of  the  K.6O3  with  5  =  Nb  and  Ta  for  both 
cubic  and  polar  tetragonal  phases,  the  structural  phase  stability  has  been 
studied  tentatively.  It  has  been  found  that  KNbOs  is  stable  for  the 
tetragonal  phase  and  KTa03  is  stable  for  the  cubic  one. 
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Nb-substituting  Fe  impurity  in  KNb03  is  studied  in  first-principles  supercell  calculations  by  the 
linear  muffin-tin  orbital  method.  Possible  ways  to  account  for  the  impurity  charge 
compensation  are  discussed.  Calculations  are  done  in  the  local  density  approximation  (LDA) 
and,  for  better  description  of  Coulomb  correlation  effects  within  the  localized  impurity  states, 
also  in  the  LDA  +  U  scheme.  The  achievements  and  problems  encountered  in  both  approaches 
are  analyzed.  It  is  found  that  the  impurity  possess  either  a  low-spin  configuration  (with  0  or  1 
compensating  electron),  or  a  high-spin  configuration  (with  2  or  3  compensating  electrons),  the 
latter  two  apparently  corresponding  to  practically  relevant  rechargeable  impurity  states. 

Keywords:  Ferroelectricity;  doping;  photorefractive  effect 


1.  INTRODUCTION 

Impurities  in  ferroelectric  crystals  play  an  important  role  in  many  physical 
applications,  particularly  in  what  regards  optical  absorption  and  the  change 
of  dielectric  properties  under  illumination,  the  so-called  photorefractive 
effects.  For  a  review  on  this  subject  see,  e.g..  Ref.  The  explanation  of  the 
photorefractive  effect  is  essentially  based  on  the  assumption  of  the  existence 
of  several  charge  states  of  an  impurity,  which  can  be  switched  by  the  drift  of 
electrons  or  holes  in  the  process  of  illumination.  In  what  regards  specifically 
Fe-doped  KNbOs,  one  can  address  Ref.  for  the  description  of  the  models 
available,  and  Ref.  for  practical  aspects  of  tuning  photorefractive 
properties.  Therefore,  much  experimental  effort  has  been  concentrated  on 
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the  elucidating  the  electron  configuration  of  impurities  in  question,  related 
lattice  relaxation,  or  other  defects  coming  along  with  the  substitutional 
impurities.  Important  information  of  this  kind  can  be  extracted  from 
electron  paramagnetic  resonance  measurements.  Earlier  studies  for  Fe  in 
KNbOa  established  the  presence  of  Fe^"^  centers  without  local  charge 
compensation  and  also  of  other  centers,  that  were  interpreted  as  Fe^"^  with 
local  charge  compensation,  presumably  Fe  at  Nb  site  with  an  oxygen 
vacancy  in  the  nearest  neighborhood.  The  subsequent  studies  included 
more  detailed  comparison  of  the  spectra  with  the  description  based  on 
different  structure  distortion  models.  It  was  suggested  that  the  Fe^"^  ion  is 
displaced  by  ~0.2A  towards  the  neighboring  O  vacancy.  There  seems  to  be 
now  general  agreement  between  the  experimentalists  that  Fe  preferentially 
enters  the  Nb  site  in  KNbOs.  The  calculations  of  the  energy  balance  with 
empirical  interaction  potential  (see  Ref.  with  the  potentials  from  Ref. 
show  beyond  doubt  that  the  Fe  substitution  at  the  K  site  is  energetically 
unfavorable.  In  contrary  to  this.  Ref.  claimed  that  Fe  mostly  substitutes 
K  in  KNbOs,  based  on  the  similarity  of  angular  yield  particle-induced  X-ray 
emission  profiles  for  K  and  Fe.  This  similarity  however  does  not  seem  highly 
convincing.  One  should  note  that  the  Fe  doping  in  KTaOs,  that  is 
equistructural  and  equielectronic  to  KNbOa,  favors  another  pattern,  with 
higher  probability  of  entering  the  K  site. 

In  the  situation  when  the  information  on  the  electronic  structure  of  doped 
systems  is  available  from  experiment  in  a  rather  indirect  way,  there  is  a 
demand  for  ab  initio  or  other  reliable  calculations  which  would  provide  the 
energy  positions  of  impurity  levels  in  the  gap  and  compare  energetically 
different  mechanisms  for  the  charge  compensation  and  the  relaxation 
pattern  around  impurity.  To  out  knowledge,  just  two  attempts  have  been 
undertaken  in  this  direction  up  to  now.  The  result  of  a  shell-model 
calculation  by  Exner  for  a  Fe  at  Nb  site  and  an  oxygen  vacancy  as  its 
nearest  neighbor  is  that  Fe  is  displaced  by  0.38A  from  the  vacancy,  i.e., 
contrary  to  what  was  supposed  based  on  the  analysis  of  the  electron  spin 
resonance  data.  Also,  the  displacement  of  four  “equatorial”  O  neighbors 
to  Fe  is  0.19A  outwards  in  the  shell-model  calculation,  contrary  to  the 
estimated  0.1  A  inwards  in  Ref.  The  ab  initio  calculation  with  the 
linearized  muffin-tin  orbital  method  (LMTO)  in  the  atomic  sphere 
approximation  (ASA)  for  one  Nb-substituting  Fe  in  the  2x2x2  supercell 
of  KNbOs,  without  any  oxygen  vacancies,  has  shown  that  the 
“breathing”  relaxation  of  the  Oe  octahedron  is  ~0.05A  outwards.  The 
shell  model  calculation  for  the  same  geometry  (also  in  Ref.  as  well 
predicts  the  outward  expansion  of  Oe  of  comparable  magnitude. 
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The  deficiencies  of  these  previous  calculations  are  that  the  shell  model 
depends  on  the  empirical  interaction  parameters  fitted  into  it,  and  normally 
discards  the  anharmonic  effects,  and  the  LMTO-ASA  calculation  is 
normally  too  crude  for  reliable  estimates  of  lattice  relaxation.  Moreover, 
no  data  on  the  electronic  structure  of  impurity  was  published  in  Ref.  The 
aim  of  our  present  study  is  to  provide  this  information,  concentrating 
specifically  on  the  treatment  of  different  charge  configurations  within  the 
localized  <i-shell.  In  particular,  we  compare  the  treatment  within  the  local 
density  approximation  (LDA)  with  the  so-called  LDA  +  U  approach.  The 
calculations  are  done  by  a  LMTO-ASA  method  for  undistorted  lattice, 
without  introducing  oxygen  vacancies.  The  accurate  analysis  of  lattice 
relaxation,  with  and  without  vacancies,  needs  the  use  of  a  full-potential  (FP, 
i.e.,  with  the  potential  of  general  shape).  Such  FP-LMTO  calculations  are  in 
progress  and  will  be  reported  elsewhere. 


2.  CALCULATION  METHOD  AND  SETUP 

The  calculations  have  been  done  with  the  LMTO-ASA  method,  in  part 
using  the  TB-LMTO  code  of  the  O.  K.  Andersen  group  in  Stuttgart.  The 
LDA  +  U  calculation  scheme  (discussed  below)  has  been  implemented  in 
another  LMTO-ASA  code  by  V.  1.  Anisimov.  In  all  calculations,  we 
considered  the  cubic  high- temperature  phase  of  KNb03  with  lattice 
constant  4.01 5A;  atomic  sphere  radii  were  1.639A  for  Fe  and  Nb,  1.964A 
for  K  abd  1.050A  for  O.  Such  choice  of  radii  produces  the  band  structure  in 
reasonable  agreement  with  that  from  FP-LMTO  calculations.  According 
to  our  experience,  the  use  of  additional  empty  spheres  in  the  interstitials  of 
the  perovskite  structure  does  not  bring  any  improvement  in  the  LMTO- 
ASA  calculation.  In  order  to  account  for  the  lifting  of  orbital  degeneracy  at 
the  Fe  site,  the  minimal  point  group  symmetry,  including  only  inversion, 
was  assumed  in  the  calculations. 

Although  KNb03  is  not  a  typically  ionic  compound,  and,  moreover,  the 
covalency  of  the  Nb  —  O  bond  is  quite  important  for  giving  rise  to 
ferroelectric  instability,  it  is  useful  to  refer  to  nominal  ionic  charges  in  order 
to  understand  why  the  problem  of  charge  compensation  occurs,  when  one 
considers  the  Fe  impurity.  Fe  is  either  Fe^"^  or  Fe^^  in  oxides;  the  sub¬ 
stitution  of  (nominally)  Nb^^  with  Fe^^  leaves  2  extra  electrons  in  the 
system,  which  can  be  removed  along  with  one  ion,  thus  restoring  the 
neutrality.  This  is  one  possible  mechanism  of  local  charge  compensation; 
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another,  in  principle,  possible  one  is  that  two  Fe^^  substitute  Nb^^  and  K"*^. 
In  terms  of  neutral  atoms  building  the  crystal,  30  electrons  are  provided  in 
total  in  the  valance  band  per  unit  cell  of  KNbOs  (including  which  are 
treated  as  valence  band  states).  If  Fe  atom  with  its  8  electrons  substitutes  Nb, 
only  5  electrons  can  be  absorbed  by  the  valence  band,  leaving  Fe  nominally  in 
the  configuration.  This  is  possible,  but  expectedly  highly  instable.  In 
order  to  restore  a  typical  for  Fe  3^/^  or  ?>d^  configuration,  one  should  either 
provide  extra  electrons,  or  remove  one  oxygen  atom,  thus  reducing  the 
capacity  of  the  valence  band.  There  are  essentially  only  two  ways  to  account 
for  a  charge  compensation  in  the  calculation  -  one  either  specifies  explicitly 
the  configuration  of  impurities/vacancies  that  provides  such  compensation, 
or  adds  extra  electrons  to  the  system,  implying  that  their  donors  are  in  some 
distant  parts  of  crystal  and  do  not  affect  the  local  electronic  structure.  The 
second  way  is  probably  technically  easier,  because  one  needs  only  to  search 
for  the  Fermi  energy  corresponding  to  the  specified  number  of  extra  electrons 
in  each  iteration.  In  order  to  keep  the  supercell  neutral,  a  compensating 
positive  charge  is  added  in  the  background. 

Our  initial  calculations  did  not  consider  the  charge  compensation  in  any 
way,  simply  treating  the  neutral  supercell  with  one  Nb  atom  substituted  with 
Fe.  As  a  smallest  possible  supercell  for  the  modeling  of  isolated  impurity,  we 
considered  the  perovskite  cell  doubled  in  all  three  directions,  i.e.,  including 
40  atoms  in  total.  The  density  of  states  (DOS)  resulting  from  this  calculation 
reveals  the  hybridization  of  Fe3^/  states  with  those  of  Nb  and  O  over  the 
whole  width  of  the  valence  band  (see  Fig.  1).  Moreover,  several  groups  of 
localized  impurity  states  are  split  off  to  form  fiat  bands  just  above  the  Fermi 
level.  Majority-spin  tjg  states  are  completely  filled,  whereas  all  other  d- 
orbitals  are  roughly  half-filled.  Magnetic  moment  at  Fe  is  1.69  and 
exclusively  related  to  the  2>d  shell. 

It  may  be  noted  that  the  t2g  states  remain  relatively  more  localized  than  Cg, 
as  should  be  expected  already  from  the  fact  that  the  spatial  distribution  of 
the  former  dominates  along  the  line  directed  towards  the  interstitial  between 
adjacent  K  atoms.  On  the  contrary,  Cg  states  directly  overlap  with  the  p 
shells  of  nearest  oxygen  atoms.  This  hybridization  mediates  the  interaction 
between  the  e^-impurity  levels  (for  both  spin  directions)  at  adjacent  Fe 
atoms  which  are  situated  only  two  lattice  spacings  apart.  As  a  result,  the  Cg- 
related  subbands  are  smeared  so  strongly  that  the  band  gap  almost 
disappears.  We  assume  that  the  8  x  KNbOs-  supercell  is  too  small  for  a 
realistic  modeling  of  isolated  Fe  impurities. 

The  doubling  of  this  supercell  with  the  translation  vectors  (022),  (202), 
(220)  results  in  the  y/l  times  increased  distance  between  Fe  atoms.  The 
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8xKNb03:Fe  IGxKNbOgtFe 


FIGURE  1  Total  and  Fe3f/-partial  DOS  as  calculated  for  40-at.  and  80-at.  supercells  of 
KNb03  with  single  substitutional  Fe  impurity. 


broadening  of  the  Cg  states  is  then  sufficiently  decreased  to  form  completely 
split-off  discrete  levels  in  the  band  gap.  The  system  remains  non-metallic,  in 
contrast  to  the  40-atom  supercell  where  a  small  DOS  at  the  Fermi  level  was 
present.  Therefore,  this  larger  80-atom  supercell  seems  already  to  be 
appropriate  for  the  treatment  of  impurity  problem.  It  should  be  noted 
however  that  the  charge  and  magnetic  moment  at  the  Fe  site  are  almost 
identical  in  the  calculation  with  both  supercells. 

The  number  of  electrons  and  magnetic  moments  within  atomic  spheres  of 
Fe  and  its  nearest  neighbors  of  different  types  are  shown  in  Table  I  for 
several  numbers  of  extra  electrons.  With  no  extra  electrons,  the  charge 
configuration  of  Fe  is  of  course  far  from  the  nominal  as  mentioned 
above  in  reference  to  a  non-charge  compensated  case.  The  reason  is,  the 
electrons  of  the  valence  band  which  have  been  in  perfect  crystal  localized  at 
the  Nb  site,  should  be,  roughly  speaking,  added  to  this  number.  Since 
KNbOs  is  not  so  strongly  ionic,  and  because  of  our  choice  of  atomic  sphere 
radii,  the  electron  numbers  in  Table  I  are  close  to  those  of  neutral  atoms. 
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TABLE  I  Charges  Q  and  magnetic  moments  M  within  atomic  spheres  of  Fe  impurity  and  its 
several  neighboring  atoms  as  calculated  for  different  number  of  added  electrons 


extra  e 

Fe 

Q  M 

0 

Q 

xy 

M 

0, 

Q  ^ 

Nb,y 

Q  M 

Nb 

Q 

^  M 

K 

Q  M 

0 

8.78 

1.69 

5.88 

0.24 

5.90 

0.27 

4.96 

0.01 

5.04 

-0.01 

6.98 

0.00 

1 

8.79 

1.68 

5.90 

0.19 

5.91 

0.24 

4.98 

0.01 

5.05 

0.00 

6.99 

0.00 

2 

8.93 

3.13 

5.90 

0.43 

5.90 

0.53 

5.02 

0.02 

5.09 

0.01 

7.00 

0.00 

2{+U) 

8.85 

3.31 

5.92 

0.41 

5.91 

0.51 

5.01 

0.02 

5.09 

0.01 

7.01 

0.00 

3 

8.92 

3.13 

5.93 

0.33 

5.93 

0.42 

5.03 

0.04 

5.10 

0.03 

7.02 

0.00 

3(+t/) 

8.88 

3.20 

5.93 

0.34 

5.93 

0.45 

5.05 

0.02 

5.11 

0.00 

7.02 

0.00 

Magnetic  moment,  induced  by  that  of  the  impurity,  primarily  resides  on  the 
first  oxygen  sphere. 


3.  LDA  +  U  TREATMENT 

In  a  similar  supercell  calculation  for  Fe  in  MgO  it  was  found  that  the 
LDA  calculation  results  in  a  physically  wrong  stable  solution  with  zero 
magnetic  moment,  irrespectively  of  the  supercell  size.  In  the  present  system, 
Fe  impurity  has  similar  nearest  neighborhood  of  oxygen  octahedron,  and 
the  crystal  field  splits  the  3^/-states  into  lower  t2g  and  upper  Cg  states  in  a 
similar  way,  but  the  solution  is  magnetic  and  stable.  Apparently,  the 
difference  from  the  MgO:  Fe  case  is  in  the  missing  nearest  neighbors  in  the 
[110]  direction  in  the  perovskite  lattice.  In  MgO,  non-magnetic  Mg  atoms 
interact  strongly  with  Fe  tjg  states  and  force  the  occupation  numbers  in  both 
spin  channels  to  become  equal.  This  mechanism  works  in  the  LDA,  because 
the  potential  acting  on  the  t2g  states  is  not  dependent  on  their  occupation, 
and  dominates  over  the  intraatomic  exchange. 

Although  no  obvious  problem  of  such  kind  comes  out  for  Fe  at  the  Nb 
site  in  KNb03,  one  should  keep  in  mind  that  the  treatment  of  localized  d 
states  in  the  LDA  may  in  principle  be  erroneous.  A  practically  feasible  way 
to  deal  with  this  problem  is  the  LDA+  U  approach,  proposed  by  Anisimov 
et  al  and  tested  by  now  for  many  systems,  including  Fe  oxides  and 
some  perovskites  The  essence  of  the  method  is  that  for  the  states  which 
are  ad  hoc  declared  as  localized,  the  total-energy  functional  as  provided  by 
the  LDA  and  casted  in  the  form  dependent  on  the  total  number  of  localized 
electrons  is  corrected  depending  on  the  actual  occupation  numbers  of 
different  localized  orbitals.  As  a  result,  the  potentials  acting  on  localized 
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states  become  occupation  dependent,  and  the  one-electron  energies  get 
accordingly  corrected,  thus  lifting  orbital  degeneracies  when  physically 
motivated.  Elfective  Coulomb  interaction  V  and  effective  intraatomic 
exchange  J  enter  as  external  parameters  in  a  self-consistent  cycle  of 
LDA  +  U  calculation.  These  parameters  can  be  determined  from  first 
principles  (see,  e.g.,  Ref.  once  the  orbitals  which  should  be  treated  as 
localized  are  selected.  However,  U  and  J  are  of  essentially  intraatomic 
character  and  may  be  largely  transferred  within  many  systems  including  the 
same  chemical  constituent  with  a  priori  localized  states. 

Solovyev  et  al.  thoroughly  studied  the  applicability  of  LDA+  U  in 
comparison  with  LDA  to  LaMOs  (M  =Ti-Cu)  perovskite  systems,  where  a 
similar  problem  of  treating  more  localized  t2g  and  somehow  less  localized  Cg 
states  of  a  constituent  occurs.  As  apparently  the  most  reasonable  option 
(among  others  tested),  the  t2g  states  have  been  singled  out  as  localized  ones,  to 
be  treated  according  the  prescription  of  the  LDA  +  U  approach,  while  Cg  have 
been  attributed  to  common  band  states  well  describable  within  the  LDA.  This 
segregation  may  prove  useful  for  the  Fe  impurity  as  well.  But  as  a  first  try,  we 
treated  all  Void  states  as  localized.  Estimates  of  U  for  Fe  based  on  somehow 
different  criteria  vary  from  ~9  eV  to  5. 1  eV;  we  used  in  our  calculation 
f/=6.8  eV  as  estimated  in  Ref.  and  7=0.89  eV.  We  did  the  LDA+U 

calculations  only  for  the  systems  with  added  2  and  3  electrons,  that  corre¬ 
spond  to  experimentally  expected  (nominally)  Fe^^  and  Fe^^  configura¬ 
tions,  correspondingly.  The  related  lines  of  data  in  Table  I  are  labeled  ( +  U). 


4.  OVERVIEW  OF  RESULTS 

As  is  seen  from  Table  I,  the  number  of  electrons  on  all  constituents,  at  the 
exception  of  Fe,  grows  very  smoothly  with  the  extra  background  charge.  As 
the  first  electron  is  added,  nothing  happens  at  the  Fe  site,  and  the  extra 
electron  goes  completely  into  the  valence  band,  resulting  only  in  a  slight 
shift  of  the  Fermi  energy  but  not  visibly  affecting  the  DOS.  With  the  second 
extra  electron,  the  Fermi  level  finally  crosses  the  narrow  majority-spin  Og 
subband  (Fig.  2).  This  increases  the  magnetic  moment  considerably  (by  less 
than  2/lzb,  however,  because  the  majority-spin  Cg  states  also  contribute 
somehow  to  the  already  occupied  valence  band).  The  distribution  of  the 
impurity  states  in  the  minority-spin  channel  is  affected  only  quantitatively. 
The  third  extra  electron  begins  to  populate  the  minority-spin  t2g  subband, 
but  most  part  of  it  goes  into  the  valence  band,  where  the  charge  at  all  sites 
almost  uniformly  increases.  It  is  noteworthy  that  the  magnetic  moment  at  O 
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FIGURE  2  Local  3rf-DOS  for  charge  configuration  with  2  and  3  addition  electrons  per  80-at. 
supercell  of  KNbOa:  Fe,  as  calculated  in  the  LDA  and  LDA+  U. 


neighbors  dramatically  increases  with  the  addition  of  the  second  electron, 
but  comes  back  (and  the  charge  increases,  instead)  with  the  addition  of  the 
third  one.  Since  the  states  at  the  top  of  the  valence  band  are  of  exclusively 
02/7  character  (see,  e.g..  Ref.  the  drift  of  the  e^-subband  below  tjie 
Fermi  level  and  into  the  valence  band  affects  the  majority-spin  Olp  states 
most  directly.  The  crossing  of  the  Fermi  level  by  minority-spin  t2g  subband 
contributes  to  the  minority-spin  Olp  subband  and  reduces  the  magnetic 
moment  on  oxygen  atoms,  increasing  at  the  same  time  their  occupation.  At 
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this  point,  the  majority-spin  eg  subband  enters  the  region  of  noticeable  Nb 
contribution  in  the  valence  band  and  produces  the  peak  of  magnetic 
moment  on  Nb  sites. 

Comparing  the  results  of  LDA  and  LDA  +  JJ  calculations  (Fig.  2),  one 
should  keep  in  mind  that  the  overall  effect  of  the  latter  is  the  lowering  the 
energies  of  occupied  states  and  the  upward  shift  of  vacant  ones.  This  is 
exactly  what  happens  in  the  configuration  with  2  extra  electrons.  Since 
essentially  all  majority-spin  states  are  already  occupied  in  this  configuration 
and  all  minority-spin  states  empty,  the  inclusion  of  the  C/-correction  has  a 
negligible  effect  on  all  integral  properties  (both  charges  and  moments). 
However,  the  exact  position  of  the  ?2^-iinpurity  state  is  changed,  that  may 
give  rise  to  the  change  in  the  optical  absorption.  The  situation  in  the 
configuration  with  3  extra  electrons  is  completely  different.  Since  here  the 
minority-spin  t2g  state  is  partly  occupied  in  the  LDA,  in  the  LDA  +  U 
treatment  the  potentials  acting  on  the  xy,  xz  and  yz  components  of  it 
become  different,  thus  lifting  the  orbital  degeneracy  of  these  states  and 
distorting  the  local  DOS  considerably. 

Summarizing,  our  study  of  the  electronic  structure  of  Fe  impurity  in  the 
Nb  site  of  KNb03  with  the  analysis  of  different  charge  compensation  has 
shown,  that  only  two  considerably  different  configurations  of  impurity 
occur.  The  first  one,  with  the  magnetic  moment  ~1.7  hq,  corresponds  to  the 
substitutional  impurity  without  compensation -the  situation  that  probably 
is  not  very  common  in  reality.  This  configuration,  however,  survives  under 
addition  of  one  extra  electron  per  impurity.  Two  extra  electrons -or, 
equivalently,  Fe  impurity  combined  with  a  distant  oxygen  vacancy-induces  a 
transition  into  the  high-spin  state  with  the  magnetic  moment  ~3.1  with 
the  minority-spin  ?2g  level  in  the  band  gap.  The  charge  and  magnetic 
moment  of  this  configuration  remain  intact  with  the  addition  of  third  extra 
electron,  but  the  exact  position  of  the  level  in  the  gap  (probably,  its  splitting 
as  well)  may  be  affected.  The  last  two  configurations  with  2  or  3  extra 
electrons  correspond  to  the  most  practically  relevant  impurity  configura¬ 
tions,  referred  to  as  Fe^^  and  Fe^"^.  A  more  precise  study  of  their  energetics 
is  possible  with  the  use  of  a  full-potential  calculation  scheme  and 
simultaneous  analysis  of  lattice  relaxation  around  impurity  and,  optionally, 
oxygen  vacancy. 
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Relaxation  distribution  function  ^(t)  was  derived  from  the  experimental  data  of  dielectric 
measurements  by  use  of  the  Tikhonov  regularization  method  of  solving  for  the  inverse  solution 
of  the  integral  transform  defining  the  relaxation  time  distribution  g(r)  in  the  dipole  glass  system 
undergoing  the  glass  freezing.  The  distribution  function  g{T)  allows  to  calculate  the  average  or 
effective  relaxation  time  (r).  The  temperature  dependence  of  (r)  was  studied  in  DRADP-.X 
(x:  =  0.4)  dipole  glass  and  found  to  follow  the  Vogel-Fulcher  law  of  glass  freezing  with  the  static 
freezing  temperature  7oc^l6.5K. 

Keywords:  Relaxation;  dipole  glass;  Tikhonov  regularization 


1.  INTRODUCTION 

Dipole  glass  systems  are  considered  as  a  model  system  for  theoretical  studies 
of  glass  freezing,  where  random  fields  play  an  important  role  in  addition  to 
the  random  bonds  of  the  magnetic  spin  glass  systems  due  to  a  strong 
coupling  between  electric  dipoles  and  ionic  lattice.  Freezing  dynamics 
of  dipole  glass  system  approaching  the  freezing  temperature  can  be  studied 
by  measurements  of  complex  dielectric  constants. 

Courtens  reported  on  the  broadening  of  relaxation  time  distribution 
and  the  Vogel-Fulcher  scaling  of  dielectric  dispersion  in  the  dipole  glass 
system.  Gaussian  distribution  of  the  relaxation  times  was  assumed  to 
analyze  the  dielectric  dispersion  observed  in  the  frequency  range  from  10^  Hz 


*To  whom  correspondences  should  be  addressed. 
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to  10^  Hz.  As  the  experimental  measurements  were  improved  and  extended  to 
below  10  Hz  the  low  frequency  dispersions  were  observed  at  low  temperatures 
closer  to  the  static  freezing  temperature.  Kutnjak  et  al.  further  extended 
to  10“^  Hz  and  assumed  a  simple  linear  form  of  the  relaxation  time 
distribution  in  this  frequency  region  to  analyze  the  observed  dielectric  data. 

We  have  made  use  of  the  recently  developed  DSP  lock-in  amplifier  system 
in  the  low  frequency  dielectric  measurements  and  obtained  a  precision  data 
set  of  dielectric  measurements  to  10“^  Hz.  The  precision  data  set  was  used 
to  derive  the  distribution  function  g(T)  of  relaxation  time  by  use  of  the 
Tikhonov  regularization  method  without  presumption  of  any 

functional  form  of  the  distribution  for  data  fitting. 


2.  EXPERIMENTALS 

The  dipole  glass  system  we  have  studied  in  the  present  work  is  deuterated 
rubidium  ammonium  dihydrogen  phosphate  (DRADP-x,  x  =  0.4)  crystal 
which  was  grown  from  the  saturated  solution  at  35°C  formulated  by 
Rb2C03,  D3PO4,  ND4OD  and  D2O  of  analytical  grade.  Mixing  concentra¬ 
tion  of  ND4  ions  with  respect  to  Rb  ions  was  determined  by  specific  density 
measurement  as  x  =  0.4  and  deuteration  percentage  of  the  grown  crystal 
sample  was  found  to  be  91%  from  the  NMR  measurements. 

Aluminum  electrode  was  vacuum  evaporated  onto  a-cut  samples  of 
dimension  8x8x1  mm^  and  silver  paste  was  used  for  making  electrical  wire 
contacts.  Closed  cycle  helium  refrigerator  (DE-202,  APD  Co.)  with  two 
silicon  diode  sensors  and  temperature  controller  (Lakeshore-330)  were  used 
to  measure  and  control  the  sample  temperature. 

In  the  frequency  range  from  1  kHz  to  10  MHz  a  commercial  impedance 
analyzer  (HP-41 92A)  was  used  with  probe  field  of  amplitude  IV.  For  low 
frequency  region  of  10  mHz  to  1  kHz  a  digital  signal  processing  lock-in 
amplifier  (EG&G-DSP7260)  was  employed  with  appropriate  standard 
capacitor  and  time  constant  selections. 

In  Figure  1  we  have  shown  the  DSP  lock-in  system  setup  for  dielectric 
constant  measurements  where  a  standard  capacitor  ( polystylene,  100  nF)  is 
connected  in  series  with  the  sample  capacitor.  Input  sine  wave  voltage  of 
1  Frms  was  drawn  from  the  internal  oscillator  of  the  lock-in  amplifier  and  the 
output  signal  across  the  standard  capacitor  was  fed  into  the  input  of  the 
lock-in  amplifier.  Remanent  polarization  is  observable  at  an  applied  field 
strength  greater  than  about  100  V/mm,  and  our  probe  signal  of  1  Frms  is  safe 
from  the  field  cooling  effect.  Since  the  sample  capacitance  remains  at  around 
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FIGURE  1  Experimental  setup  for  low  frequency  dielectric  measurements  by  use  of  the  DSP 
lock-in  amplifier  system. 


10  pF,  that  is,  10“"^  of  that  of  the  standard  capacitor  the  applied  input 
voltage  will  be  taken  up  mostly  by  the  sample  capacitor,  and  the  response 
output  from  the  standard  capacitor  is  given  by 

^sample  —  ^standard  f^out  (1) 

where  is  the  complex  signal  voltage  detected  by  the  lock-in  amplifier, 
Fin  the  input  voltage,  corresponds  to  the  complex  dielectric  constant 

of  the  sample,  and  Cgtandard  to  the  capacitance  of  the  standard  capacitor.  As 
can  be  seen  from  Equation  (1)  if  Cstandard  is  too  large,  becomes  too 
small  and  noisy.  If  it  is  too  small,  the  applied  input  voltage  will  be  divided 
between  Q^^pig  and  Cstandard  to  make  the  circuit  analysis  complicated.  The 
best  choice  from  experience  is  Cstandard  — 10^)  Csampie- 
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Time  constant  of  the  DSP  lock-in  amplifier  is  set  by  Xjil'Kfc),  where  X 
represents  the  —  3  dB  frequency  of  the  low  pass  filter.  The  succeeding  slope 
in  the  gain  curve  of  the  DSP  lock-in  amplifier  can  be  controlled  in  steps  of  6 
dB/oct,  12  dB/oct,  18  dB/oct  and  24dB/oct.  When  we  want  to  measure  a 
lock-in  signal  at  1  Hz  a  harmonic  noise  at  2  Hz  is  expected  in  the  ideal  case 
and  the  cut-off  frequency  fc  can  be  set  at  1  Hz.  In  this  perfectly  ideal  case  we 
may  use  the  time  constant  of  1/(2?:/^)  ~  200  msec  to  obtain  a  reasonably 
clean  signal  with  the  maximum  slope  of  24  dB/oct  incorporated.  However, 
in  the  real  situation  of  experimental  measurements  other  sources  of  noise 
can  interfere,  and  the  time  constant  should  be  increased  to  find  a  best  on  a 
trial  and  error  basis. 

With  the  use  of  the  RC  type  filter  we  need  an  equilibration  time  of  about 
five  times  the  time  constant  to  get  the  final  stationary  signal,  and  a  long  time 
constant  would  require  too  long  equilibration  time.  For  10  mHz  measure¬ 
ment  of  our  present  work  we  have  taken  the  time  constant  of  500  sec  and  the 
equilibration  time  of  4000  sec.  The  data  point  at  10  mHz  represents  an 
average  over  20  samplings  taken  every  80  sec  after  the  equilibration  time  of 
4000  sec.  This  means  that  it  takes  about  6  hours  for  a  complete  measurement 
over  40  frequencies  from  10  mHz  to  1  kHz  at  one  fixed  temperature  near 
40  K. 


3.  DIELECTRIC  RELAXATION  AND  TIKHONOV 
REGULARIZATION 

Relaxation  behaviour  of  a  nonequilibrium  dielectric  polarization  P{t)  is 
described  by 


dP{t) 

dt 


f^d 


lim 


(2) 


where  is  a  relaxation  parameter,  representing  a  characteristic  frequency 
of  a  dipole  in  the  dipolar  relaxation.  The  concerning  relaxation  behaviour 
can  be  measured  either  by  polarization  switching  current  in  the  time  domain 
or  by  complex  dielectric  permittivity  in  frequency  domain. 

When  a  static  field  Eq  is  applied,  the  steady  state  solution  of  Equation  (2) 
is  given  by 


P{t)  =  Poexp{-fj,dt) 


(3) 
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and  the  switching  current  is  given  by 

I{t)  =  =  -yidP^  exp(-/[x^/)  (4) 

When  a  sinusoidal  oscillating  field  is  applied,  the  complex  dielectric 
permittivity  e*{uj)  is  obtained  from  dP{t)ldE(t)  as 


-£oo  = 


£0  ^oo 

1  +  iuJTd 


(5) 


where  denotes  the  permittivity  at  optical  frequency,  sq  static  permittivity, 
eo“£oo  the  dipolar  strength,  and  the  dipolar  relaxation  time  of  fidTd=  1. 

Real  system  deviating  from  the  single  Debye  relaxation  behaviour  need 
empirical  modifications  of  Equations  (3)  and  (5): 

In  the  time  domain  representation  the  so  called  KWW  function  is 
well  known  as 

P{t)  =  Poexp{-{ij.jlf)  (6) 


with  (3  between  0  and  1 . 

In  the  frequency  domain  a  well  known  modification  is  the  Cole-Davidson 
function 


-  £cx) 


gp  ~  gpo 
(1  +  iuiTd)'^ 


U) 


with  j3  again  between  0  and  1. 

A  more  complicated  modification  was  introduced  by  Havriliak  and 
Negami  and  further  explored  by  many  others  as 


-  £oo 


^0  “  £qo 

(l  +  (ia,r,)T 


(8) 


where  both  a  and  7  are  fractions  between  0  and  1 . 

A  different  approach  to  solve  this  modification  problem  is  the  assumption 
of  a  distribution  function  in  both  time  domain  and  frequency  domain 
responses  as  follows: 


4(0  =  =- J  f{p)P-Pa exp{-nt)d(\nti) 


(9) 
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(10) 

(11) 

(12) 


These  equations  represent  integral  transforms  of  f{fj)  and  g(r),  the 
distribution  functions,  with  the  respective  single  Debye  response  as  the 
kernel  of  the  transform. 

Equation  (11)  is  then  an  integral  transform  of  g{r)  through  a  kernel 
K{uj,  t)  =  1/(1  +  iur)  and  belongs  to  the  Fredholm  integral  equation  of  the 
first  kind.  This  problem  is  known  as  belonging  to  the  ill-posed  problems, 
that  is,  there  may  well  be  an  infinite  number  of  g{r)  to  best  fit  the 
experimental  data  of  s*{uj)  by  use  of  the  least  square  method  where  a 
Gaussian  distribution  is  assumed  for  errors  of  the  experimental  data. 
Consequently  several  numerical  algorithms  have  been  devised  to  obtain 
the  inverse  solution  from  the  Fredholm  integral  equation  of  the  first  kind, 
the  representative  ones  of  which  are  the  Tikhonov  regularization  (TR) 
algorithm  and  the  maximum  entropy  algorithm.  We  have  applied  the 
TR  algorithm  to  find  g(r)  from  the  experimental  data  set  of  e*(LS). 

In  the  TR  algorithm  we  seek  a  solution  minimizing  the  quantity  F(A) 
defined  as  following 

+  A||g(r)||  (13) 

J 

where  represents  experimental  values  of  dielectric  constant,  the 
estimated  dielectric  constant,  ||g(r)||  =  Jnlg" ir)fd(\n r),  and  A  the  regulari¬ 
zation  parameter.  The  following  matrix  and  vector  notations  will 

be  suitable  to  simplify  the  above  equation  for  programming. 
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(K  •  g)j  =  £00  +  (£0  -  foe)  Kiojj, T)g(T)d(\n t) 

|B-g|'=  /  b"{T)fdOnr) 

Jd 


(15) 

(16) 


We  can  then  express  V  (A)  in  the  matrix  form  as 

F(A)  =  lK.g-bp  +  A|B.gp 
=  lK.g-bp  +  Ag-H-g 

where  H  =  Minimizing  with  respect  to  g  we  obtain  the  nominal 

equation 


(K'^  •  K  +  AH)  •  g  =  •  b 


(18) 


The  solution  of  this  equation  is  obtained  by  calculating  inverse  matrices  for 
given  A: 


g  = 


1 


K  +  AH 


Kk-i  h 


(19) 


As  a  test  run  of  the  TR  algorithm  we  define  a  relaxation  time  distribution 
function  g(r)  as  Gaussian  of  the  form 


g(r)  =^exp 


— (Inr  —  Inro)^ 


(20) 


Integral  transform  of  gir)  by  use  of  Equation  (11)  gives  rise  to  a  dielectric 
loss  function  as  depicted  in  Figure  2(a).  Given  the  values  of  this  e"(^) 
curve  as  an  input  data  set  we  can  apply  the  Tikhonov  regularization  of 
Equations  (13)  and  (19)  to  obtain  g(T)  which  is  to  be  compared  with  our 
starting  assumption  on  Equation  (20). 

The  only  fitting  parameter  A  was  so  adjusted  as  to  best  stabilize  the  fitting. 
With  A  =  0.1  X  Tr(K^-K)/Tr(H)  we  could  obtain  g{T)  from  the  Tikhonov 
regularization  as  shown  (■)  in  Figure  2(b),  which  can  be  seen  to  agree  so 
well  with  the  original  (solid  line)  g(r). 
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FIGURE  2  (a)  e  "(u)  as  calculated  from  the  Gaussian  distribution  function  g(r)  of  relaxation 
times;  (b)  g(r)  originally  assumed  (■)  and  calculated  (solid  line)  by  Tikhonov  regularization 
from  £"(oj)  of  (a). 


4.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

In  Figure  3  the  frequency  dependence  of  e '  and  e  "  is  shown  as  measured  at 
several  fixed  temperatures.  As  temperature  is  lowered  a  broader  dispersive 
region  in  e'{T,  u))  is  observed  with  the  frequency  of  maximum  peak  in  e"{T, 
uS)  decreasing  to  lower  frequency  conforming  with  the  previous  works  on 
dipole  glass,  orientational  glass,  and  relaxor  ferroelectrics 

Instead  of  the  presumption  of  the  relaxation  time  distribution  g(r)  as 
Gaussian  or  straight  line  for  the  least  square  fitting  analysis  of  the 
experimental  data  we  can  now  find  out  g(r)  directly  from  experimental  data 
of  £*(T,  lo)  by  use  of  the  TR  method  where  we  only  presume  g(r)  to  be  a 
smooth  function  in  the  region  concerned.  Figure  4  displays  the  results  of 
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FIGURE  3  Semilog  plot  of  both  e '  and  e "  as  a  function  of  frequency  observed  at  several 
temperatures  from  40K  (■)  to  80K  (  +  ). 


g{r),  from  which  we  can  calculate  (solid  lines)  by  integral  transforma¬ 
tion  of  g(T)  to  be  compared  with  of  experimental  observations.  The 
relaxation  time  distribution  g(r)  can  be  seen  to  become  broader  with  the 
maximum  peak  shifting  toward  larger  r,  that  is,  longer  (slower)  relaxation 
time  as  temperature  is  lowered  from  65  K  to  40  K.  The  overall  functional 
form  of  g(r)  can  be  seen  to  be  very  much  like  gaussian  but  with  a  distinctive 
asymmetry  between  short  time  head  side  and  long  time  tail  side.  This 
asymmetry  is  emphasized  by  comparison  between  Tmax,  where  g{T)  has  a 
maximum  peak,  and  Tmean  as  defined  by  (r)  =  f  rg'(r)  d([n  r).  Figure  5(a) 
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FIGURE  4  (a)  Semilog  plot  of  g(r)  as  a  function  of  r  obtained  from  the  Tikhonov 
regularization  analysis  of  experimental  data  e'  and  e"  at  various  temperatures  from  40  K  (•  ■  •)  to 
65  K  ( — );  (b)  eTR(‘^)  obtained  from  Tikhonov  regularization  method  (solid  lines)  and 
experimental  observation  (discrete  points)  at  several  temperatures  from  40K  (■)  to  65K  (o). 


shows  both  Tmax  and  (r)  in  comparison  as  a  function  of  temperature  and  an 
excellent  best  fit  of  (r)  by  a  Vogel-Fulcher  law 

{r)=roexp(^^;^j  T>T^  (21) 

where  the  best  fit  values  are  obtained  as  to=  (0.5  ±  0,2)  x  10  sec,  7o  = 
16.5±  1.2Kand£'==378 ±25K.ForrmaxWehaveobtained jrQ  =  12.0  ±1.0K 
with  the  same  tq  and  E  values  as  (r).  Also  shown  in  Figure  5(b)  we  have  Tvar 
and  Tskew  as  calculated  from  (r)  and  the  respective  definitions 

Tvar  =  /(t  -  (r))^g(T)rf(ln  t) 

(22) 

Tskew  =  J  gir)d{lnT) 
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FIGURE  4  (Continued). 


where  Tvar  is  a  measure  of  the  broadening  of  the  relaxation  time  distribution 
and  Tskew  a  measure  of  the  asymmetry.  We  can  sejp  from  Figure  5(b)  that  Tvar 
increases  with  decreasing  temperature  but  Tskew  remains  nearly  independent 
of  temperature  in  the  temperature  region  of  65  K  to  40  K. 

Our  analysis  shows  that  the  Vogel-Fulcher  law  is  obeyed  by  both  r^ax  and 
(r).  However,  (r)  was  found  to  diverge  at  Tq  ~  1 6.5  K  while  r^ax  at  a  lower 
temperature  of  ~  12.0  K,  which  suggests  the  growing  importance  of  the 
long  time  tail  of  r  >  Tmax  in  g  (r)  in  the  freezing  dynamics  near  Tq,  We  have 
thus  confirmed  that  the  relaxation  time  distribution  function  g(r)  of 
DRADP-x(x  =  0.4)  conveys  the  dynamic  informations  of  the  glass  transition 
at  finite  temperature,  where  we  hope  to  see  what  differences  they  have  in 
freezing  dynamics  among  the  dipole  glass,  orientational  glass,  relaxor 
ferroelectrics,  etc.  by  comparing  the  temperature  dependence  of  g(T) 
between  each  other. 
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FIGURE  5  (a)  Semilog  plots  of  relaxation  time  dependence  on  temperature:  (r)  and  r^ax  are 
represented  by  •  and  o  respectively,  and  solid  line  represents  the  best  fit  by  Vogel-Fulcher  law; 
(b)  Semilog  plots  of  temperature  dependence  for  Tvar  and  Tskew  of  denotes  rvar(»)  or 

"TskewCo)- 


5.  CONCLUSION 

We  have  successfully  applied  the  Tikhonov  regularization  to  derive  the 
relaxation  time  distribution  function  ^(t)  of  a  dipole  glass  DRADP- 
jc(x  =  0.4)  so  that  we  could  determine  the  static  freezing  temperature 
To— 16.5 K  uniquely  from  the  temperature  dependence  of  the  effective 
relaxation  time  (r).  This  unambiguous  determination  of  To  has  been 
impossible  in  the  previous  works  of  the  least  squares  fitting  of  the  dielectric 
data,  where  Tq  was  reported  to  be  in  the  range  of  17  K  to  30  K  depending  on 
the  fitting  functions  used. 
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A  new  type  of  dielectric  resonances  has  been  observed  in  mixed  ferroelectric,  KTaj_^Nb^03 
(KTN),  also  known  to  belong  to  the  family  of  Relaxor  Ferro  electrics.  These  resonances  and 
their  metastability  in  KTN  provide  clear  evidence  for  the  presence  of  permanent  polar 
nanoregions  with  a  local  spontaneous  polarization  and  a  local  strain  field.  The  application  of  a 
small  dc  bias  field  can  align  these  regions  and  activate  a  strong  polarization-strain  coupling  that 
give  rise  to  the  observed  dielectric/mechanical  resonances.  These  resonances  are  found  to  persist 
over  long  periods  of  time,  indicating  that  the  field-induced  macroscopic  polarization  is 
stabilized  by  this  coupling.  Their  frequencies  can  be  calculated  from  the  elastic  constant,  which 
reveals  the  unexpected  clamped  nature  of  the  resonance.  These  results  constitute  an  important 
piece  of  evidence  in  support  of  the  role  of  polar  regions  in  explaining  the  Relaxor  behavior. 

Keywords:  Piezoelectric;  KTN;  relaxor  behavior 


INTRODUCTION 

The  most  important  characteristic  of  ferroelectrics,  when  comparing  them  to 
their  magnetic  analogues,  is  the  direct  coupling  of  the  polarization  to  the 
strain.  It  is  well  known,  both  experimentally  and  theoretically,  that 
polarization  can  couple  to  elastic  strains  via  the  piezoelectric  or  the 
electrostricitive  coefficients.  However,  piezoelectric  effects  can  only  be 
observed  in  non-centrosymmetric  crystals  (non-cubic)  and  the  electrostric- 
tive  effect  is  a  second  order  effect.  In  cubic  systems,  the  application  of  an 
external  dc  bias  field  can  always  break  the  symmetry  and  induce  a 
piezoelectric  effect,  which  is  of  first  order,  but  very  large  fields  are  required 
in  order  to  induce  any  measurable  polarization.  It  was  reported  by 
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Hubregtse  et  that,  in  BaTiOs,  several  kV/cm  are  necessary  to  induce 
such  a  metastable  macroscopic  polarization  in  the  cubic  phase  and  that  this 
is  only  possible  close  to  the  transition.  In  the  present  paper,  we  report  a 
novel  case  in  which  a  strong  polarization-strain  coupling  can  be  observed 
with  much  weaker  fields  (<  50V/cm)  and  as  far  as  20  K  above  the 
ferroelectric  phase  transition  at  We  further  show  that,  as  far  as  20  K 
above  Tc,  the  field-induced  macroscopic  polarization  is  metastable  and 
persists  over  long  periods  of  time  after  removal  of  the  field. 

This  novel  case  of  polarization-strain  coupling  was  observed  recently  in 
several  mixed  ferroelectrics  that  belong  to  the  family  of  Relaxor  Ferro- 
electrics,  KTai.^Nb^^Oa  (KTN),  in  Ki_^Li;,Ta03  (KLT)  and  in  PbMgi/3 
Nb2/303  (PMN),  and  may  be  a  general  feature  of  many  others. 

In  KTN,  niobium  is  randomly  substituted  for  tantalum  and  occupies  an 
off-center  position  in  the  unit  cell  which,  as  a  result,  acquires  a  permanent 
dipole  moment.  This  moment  can  couple  dynamically  or  statically  to  the 
surrounding  host  unit  cells.  As  the  temperature  is  decreased,  this  impurity- 
host  coupling  grows  stronger  and  modifies  the  normal  characteristics  of  the 
paraelectric  phase  of  the  system.  Several  anomalies  have  already  been 
reported.  The  linear  dielectric  constant  response  departs  from  a  Curie- Weiss 
law,  a  finite  remnant  polarization, coercive  fields  and  polarization 
overtones  have  also  been  shown  to  appear  at  that  temperature  and 
otherwise  silent  optic  modes  have  been  observed  in  Raman  scattering. 
These  anomalies  clearly  indicate  a  lowering  of  the  local  symmetry  on  a 
nanometer  scale  while  X-ray  diffraction  still  gives  the  average 
symmetry  as  cubic.  Because  they  have  been  reported  either  in  polarization 
measurements,  i.e.  in  the  presence  of  a  large  electric  field,  or  in  Raman 
measurements,  i.e.  at  high  frequency,  these  anomalies  could  be  due  to  a 
field-induced  or  dynamical  symmetry  lowering.  In  the  present  communica¬ 
tion,  we  show  that  these  anomalies  are  the  consequence  of  the  condensation 
of  polar  regions,  the  permanence  of  which  is  stabilized  by  strain.  We  present 
evidence  for  such  a  condensation  and,  most  surprisingly,  show  that  this 
process  occurs  approximately  20  K  above  the  phase  transition  for  all  Nb 
concentrations  studied  between  1.2%  and  30%.  Poalr  regions  can  form/ 
condense  when  two  or  more  Nb  cells  (along  with  their  neighboring  host 
cells),  interacting  in  pairs  or  groups,  begin  to  respond  as  a  single  polar  unit. 
An  essential  feature  of  these  regions  is  the  local  distortion  that  accompanies 
their  local  spontaneous  polarization  and  leads  to  the  modification  of  the 
normal  characteristics  of  the  paraelectric  phase  and  to  the  polarization- 
strain  coupling. 
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RESULTS  AND  DISCUSSION 

When  a  coupling  between  polarization  and  strain  is  present,  various 
mechanical  modes  of  vibrations  can  by  excited  electrically,  by  modulating 
the  macroscopic  polarization.  This  can  be  easily  done  experimentally  by 
superposing  on  the  dc  bias  field  a  small  ac  field.  The  dc  field  serves  to  induce 
a  macroscopic  polarization  and  the  small  ac  field  to  excite  vibrations  which 
become  significant  in  amplitude  when  the  ac  frequency  of  the  small  field 
matches  the  resonant  frequency  of  the  bar  or  plate  sample.  Cubic  KTN 
presents  a  very  difTerent  situation.  In  Figure  1  we  display  the  frequency 
spectrum  of  (a)  the  dielectric  constant,  e' ,  and  (b)  the  dielectric  loss,  D-e" j 


Frequency  (MHz) 

FIGURE  1  (a)  Real  dielectric  constant,  e'  of  KTN  crystal  for  different  bias  fields  showing  the 

resonances,  (b)  the  associated  loss  tangent,  D.  Inset:  Details  of  the  50  V/cm  data  of  (a)  and  (b). 
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s',  for  a  KTN  cyrstal  measured  at  7"^  +  15K  under  several  dc  bias  fields.  In 
all  cases,  the  dc  bias  field  was  applied  perpendicular  to  the  major  faces  of  the 
plate  sample.  The  KTN  spectrum  clearly  reveals  two  large  resonances  near 
1  MHz.  In  the  inset,  we  also  show  a  magnified  version  of  one  of  the 
resonances  under  a  50V/cm  dc  bias  field.  Even  for  this  very  low  field,  the 
resonance  is  extemely  strong.  Moreover,  as  the  ferroelectric  transition  is 
approached  or  at  higher  Nb  concentrations,  even  smaller  dc  bias  fields  can 
trigger  these  resonances.  We  note  that,  the  shape  of  the  (two  largest) 
resonances  were  observed  to  be  independent  of  the  bias  field  strength  (50  V/ 
cm  to  2  kV/cm)  thereby  precluding  any  possibility  of  coupling  between  the 
modes.  Evidently  the  polar  regions,  once  aligned,  contribute  significantly  to 
the  macroscopic  polarization  since  it  is  quite  clear  that  much  lower  fields  are 
required  to  rotate  an  existing  polarization  than  to  induce  it.  If  it  were  not  for 
the  presence  of  polar  regions,  much  larger  fields  would  be  required  in  order 
to  induce  a  macroscopic  polarization,  as  in  the  case  in  BaTi03.^^^  These 
results  therefore  confirm  the  presence,  in  KTN  above  the  transition,  of 
permanent  polar  regions  that  possess  a  local  spontaneous  polarization  and 
the  local  distortion  associated  with  it. 

We  now  show  that  the  resonances  displayed  in  Figure  1  are  associated, 
albeit  in  a  peculiar  way,  with  longitudinal  mechanical  vibrations  of  the  plate 
sample.  The  fundamental  resonant  frequency  of  a  plate  or  bar  sample  can  be 
obtained  from  the  simple  condition,  IL  =  A,  in  which  L  is  the  legnth  of  the 
sample  and  A  the  wavelength  of  the  acoustic  wave.  This  condition  leads  to 
the  following  expression  for  the  resonance  frequency 


2L  y  psn 


(1) 


in  which  p  is  the  density  and  the  elastic  compliance  measured  at  constant 
stress.  It  is  important  to  note  that  the  resonance  of  plate  or  a  bar  sample 
leads  to  free  vibrations  which  therefore  take  place  at  constant  stress  while 
the  propagation  of  sound  waves  in  a  solid  takes  place  at  constant  strain. 
For  a  plate  sample,  one  expects  two  longitudinal  resonances,  corresponding 
to  the  two  dimensions  of  the  sample,  as  we  indeed  observe  in  Figure  1 .  Using 
the  above  relation,  the  frequencies  of  the  resonances  can  be  calculated  from 
a  knowledge  of  the  elastic  compliance.  Using  ultrasonics,  we  have  also 
independently  measured  the  elastic  constants  cn  and  c\2  from  which 
can  be  estimated.  However,  when  comparing  the  resonant  frequencies 
thus  calculated  with  the  measured  ones,  we  note  a  large  20%  discrepancy. 


FIELD-INDUCED  PIEZOELECTRIC  RESONANCES 


97 


On  the  other  hand,  if  we  assume  that  the  modulation  of  the  polarization 
actually  generates  sound  waves  and  accordingly  replace  l/^n  by  Cu  in  the 
above  formula,  we  obtain  a  remarkably  good  agreement  between  the 
calculated  and  measured  values,  as  demonstrated  in  Table  I  for  the  15.7% 
KTN  sample.  The  measured  and  calculated  values  as  a  function  of 
temperature  have  been  provided  in  Figure  2.  In  the  table  below,  the  small 
remaining  discrepancies  for  the  two  other  samples  (the  deviation  between 
the  calculated  and  measured  frequencies  has  been  marked  in  percent  inside 
brackets)  are  most  likely  due  to  the  quality  of  the  electrodes  or  to  a  non 
perfectly  rectangular  shape  of  the  sample.  However  they  remain  quite  small 


FIGURE  2  Resonance  frequency  determined  from  Eq.  (1)  of  the  text  compared  with 
experimental  resonance  frequency  as  a  function  of  temperature,  (a)  KTN  15.7%  (b)  KTN 
1.2%. 
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TABLE  I  Comparison  of  measured  and  calculated  resonant  frequency  at  T=  Tc  +  2Q  K  for 
different  KTN  crystals 


Concentration 

Dimension 

(mm^) 

i/i  (calc) 
{kHz) 

{meas) 

{kHz) 

V2  {calc) 
{kHz) 

1/2  {meas) 
{kHz) 

1.2%  (r,=  12K) 

8.2x5.3 

486 

451  (7.2%) 

767 

121  (5.2%) 

\5.T/o{T,=  139K) 

3.8x4 

902 

908 

949 

952 

26%(n  =  225K) 

3.5x4.4 

748 

770  (3%) 

948 

960  (1.2%) 

relative  to  the  frequency  separation  between  sucessive  resonances  so  that 
there  is  no  question  of  identification.  The  overall  very  good  agreement 
between  the  resonant  frequencies  calculated  from  Cu  and  those  measured  is 
a  surprising  one  which  suggests  that  the  resonances  are  not  excited  at 
constant  stress  but,  effectively,  at  constant  strain  and  correspond  to  the 
internal  generation  of  sound  waves  propagating  in  the  plane  of  the  sample 
i.e.  perpendicular  to  the  applied  field.  Thus  the  field  induced  piezoelectric 
coefficient  is  <^31. 

As  indicated  earlier,  the  observation  of  these  resonances  in  KTN  was  not 
limited  to  one  concentration,  but  was  in  fact  made  for  all  the  Nb 
concentrations  studied,  between  1.2%  and  30%.  This  is  illustrated  in  Figure 
3  for  three  concentrations  covering  this  range  and  the  resonance  frequencies 
are  the  ones  appearing  in  Table  I.  This  figure  however  also  reveals  another 
remarkable  fact  that  is  particular  to  KTN;  for  all  three  concentrations,  the 
resonances  appear  approximately  20  K  above  the  ferroelectric  transition,  i.e. 
at  7*^7^  + 20  K,  even  though  itself  depends  on  concentration  (see 
Tab.  I).  Because  of  this  universal  character  of  T*  in  KTN,  it  is  believed  that 
the  polar  regions  form  as  a  result  of  a  condensation  process.  The  suggestion 
of  a  possible  condensation  was  recently  made  and  supporting  evidence  given 
in  another  publication  While,  in  KTN,  it  appears  to  take  place  as  a 
condensation  process  at  r*^Tc  +  20K,  in  KLT,  these  regions  form  at 
approximately  200  K  for  all  Li  concentrations.  This  difference  between  the 
two  systems  has  been  attributed  to  the  magnitude  of  the  local  distortion 
energy  of  the  Li  or  Nb  centers  relative  to  the  interaction  energy  between 
centers. 

Although  the  results  reported  so  far  provide  a  strong  indication  of  the 
existence  of  polar  regions  in  relaxor  ferroelectrics,  the  strongest  piece  of 
evidence  is  the  metastability  of  these  resonances  and  therefore  the 
metastability  of  the  induced  macroscopic  polarization  above  the  transition. 
As  an  example,  we  show  in  Figure  4  the  result  of  a  cycle  in  which  a  KTN 
crystal  was  measured  at  different  temperatures  upon  cooling,  with  a  650  V/ 
cm  dc  bias  field  on  and  then  measured  at  the  same  temperatures  upon 
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heating  without  the  field.  The  reosnances  are  observed  starting  at  about 
180K,  but  rapidly  increase  in  amplitude  around  160K(=rc  +  20K),  as 
shown  by  the  changing  vertical  scale.  At  150  K(  =  +  1 1  K),  the  dc  field  was 

turned  off  and  the  resonances  measured  at  the  same  temperatures  upon 
warming.  The  equilibration  time  at  each  temperature  was  approximately  15 
minutes.  Although  smaller  in  amplitude,  the  resonances  clearly  persist 
without  the  bias  field  and  again  decrease  rapidly  around  160K,  It  is  also 
interesting  to  note  that,  in  the  second  part  of  the  experiment  (heating  with 
bias  field  off),  the  KTN  spectrum  displays  all  the  same  details  that  are  visible 
upon  cooling,  e.g.  double  peaks  or  shoulders  etc.  The  persistance  of  the 
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FIGURE  3  Real  part  of  the  dielectric  constant  as  a  function  of  frequency  at  different 
temperatures  in  presence  of  a  dc  bias  field,  (a)  KTN  1.2%  (b)  KTN  15.7%  (c)  KTN  30%.  The 
increase  of  resonance  peaks  for  temperatures  T  <  T'c+20K  is  noticeable. 
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Frequency  (kHz) 

FIGURE  4  Loss  tangent  data  of  the  KTN  crystal  at  different  temperatures  (both  upon 
cooling  and  heating)  showing  the  metastable  characteristics  of  the  polarization.  The  dotted  lines 
are  the  data  (left  axis)  in  presence  of  the  bias  field  upon  cooling  down  to  155  K.  The  solid  lines 
correspond  (right  axis)  to  the  same  with  the  field  removed,  and  upon  heating  up  from  155  K  to 
180  K. 


resonances,  even  60  minutes  after  removal  of  the  bias  field,  clearly 
demostrates  the  metastable  character  of  the  induced  macroscopic  polariza¬ 
tion. 


CONCLUSIONS 

The  metastability  of  the  resoances  indicates  that  the  origin  of  the 
macroscopic  polarization  is  different  above  and  below  the  condensation 
temperature,  T*.  In  the  high  temperature  range,  the  local  polarization  is 
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primarily  induced  by  the  application  of  the  dc  bias  field;  although  the 
external  field  aligns  the  Nb-centered  dipoles  giving  rise  to  an  observable 
macroscopic  polarization,  these  dipoles  are  only  weakly  correlated  in  the 
sense  that  their  dynamics  is  dominated  by  thermal  effects  and,  consequently, 
the  macroscopic  polarization  disappears  instantly  upon  removal  of  the  field. 
By  contrast,  below  T*,  neighbouring  Nb-centered  dipoles  become  strongly 
correlated,  forming  permanent  polar  regions  characterized  by  a  local 
spontaneous  polarization;  the  macroscopic  polarization  is  essentially  due  to 
the  alignment  of  the  polar  regions  and  it  is  stabilized  by  the  polarization- 
strain  coupling.  For  low  niobium  concentrations,  the  polar  regions  are  more 
remotely  spaced  and,  hence,  not  as  strongly  correlated  as  they  are  for  higher 
concentrations.  As  a  result,  upon  removal  of  the  bias  field,  the  induced 
alignment  persists  but  over  a  shorter  time. 

The  present  results  are  very  significant  for  the  understanding  of  many 
mixed  or  disordered  ferroelectrics  and,  in  particular,  for  the  class  of 
ferroelectrics  known  as  “relaxors”.  They  indicate  that,  given  an  ensemble  of 
randomly  distributed  dipoles  in  a  highly  polarizable  solid,  nanoscopic 
regions  with  a  local  spontaneous  polarization  can  develop  that  are  stabilized 
by  the  local  strain.  These  then  can  be  regarded  as  giant  electric  dipoles 
giving  rise  to  superparaelectric  behavior  and  field-induced  piezoelectricity. 
Here,  the  field  merely  aligns  the  giant  dipoles  or  local  polarization  moments 
and,  consequently,  a  much  weaker  field  is  requried.  The  corresponding 
alignment  of  the  local  distortion  fields  give  rise  to  a  macroscopic  strain.  By 
contrast,  in  KLT,  and  even  more  so  in  PMN,  the  distortions  are  greater  and 
the  polar  regions,  to  be  reoriented,  require  higher  bias  fields;  KLT  is  thus  a 
harder  relaxor  than  KTN  and  PMN  a  harder  relaxor  still.  This  increasing 
degree  of  hardness  is  clearly  visible  in  the  relative  size  of  the  polarization 
hysteresis  loops  for  the  three  compounds.  It  is  also  supported  by  the  fact 
that  the  ferroelectric  transition  is  continuous  (second  order)  in  KTN,  it  is 
first  order  in  KLT  and  it  is  absent  in  PMN. 
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Using  squaric  acid  (H2C4O4)  as  an  example,  it  is  shown  that  the  temperature  dependence  of  the 
isotropic  chemical  shift  (5iso))  as  measured  by  magic  angle  spinning  (MAS)  NMR,  can  serve  as 
a  probe  of  the  displacive  vs.  order-disorder  character  of  a  phase  transition.  It  is  also  found  that 
the  utilization  of  single  crystals  in  the  MAS  measurements  leads  to  significantly  narrower  peaks 
than  using  powders.  In  the  case  of  MAS  on  squaric  acid,  single  crystals  exhibit  a  four-fold 
narrowing  of  the  peaks,  as  compared  to  those  from  powders.  This  additional  gain  in 
resolution  has  made  it  possible  to  measure  a  sharp  anomaly  in  the  5iso  at  the  paraelectric- 
antiferroelectric  phase  transition  of  squaric  acid  373  K).  This  anomaly  is  interpreted  as  a 
direct  evidence  that  the  transition  mechanism  involves  a  displacive  component  for  the 
hydrogens  as  T-  >  Tc,  suggesting  that  MAS/NMR  can  indeed  serve  as  a  new  complement  to 
the  current  methodologies  for  investigating  phase  transitions. 

Keywords:  Squaric  acid;  ferroelectricity;  solid  state  NMR;  phase  transitions 


1.  INTRODUCTION 

The  purpose  of  this  investigation  was  to  examine  the  potential  of  the  high 
resolution  NMR  techniques  for  probing  the  microscopic  mechanism  of 
ferroelectric  transitions  in  hydrogen-bonded  solids.  Our  specific  goal  was  to 
develop  a  methodology  with  which  one  could  differentiate  between  an 
order-disorder  versus  a  displacive  behavior  of  a  polar  lattice.  We  were 

*Current  address:  Department  of  Chemistry,  The  Ohio  State  University,  Columbus,  OH 
43210. 
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motivated  by  the  fact  that  while  this  type  of  information  is  of  fundamental 
importance  for  discriminating  between  the  various  theoretical  models  of 
phase  trnasitions  in  polar  lattices,  there  is  a  lack  of  easily  available 
experimental  techniques  with  which  one  could  probe  this  question 
quantitatively.  Since  NMR  is  the  most  direct  and  versatile  method  for 
characterizing  the  chemical  structure  of  a  compound,  we  explored  the  utility 
of  the  magic  angle  spinning  technique.  As  a  model  system,  we 

selected  squaric  acid  (H2C4O4)  for  the  following  reasons.  Squaric  acid 
(henceforth,  SQA)  has  a  very  simple  crystal  structure,  essentially  a  two- 
dimensional  network  of  hydrogen-bonded  C4O4  units  (Fig.  1).  This  simple 
structure,  however,  exhibits  some  ususual  dielectric  and  thermodynamic 
characteristics  whose  origin  is  not  yet  well  understood.  In  particular,  SQA 
exhibits  a  paraelectric  to  antiferroelectric  phase  transition  at  about  373  K, 
but  the  underlying  trigger  mechanism  remains  to  be  established.  It  is 
known,  however,  that  the  atom  that  undergoes  the  largest  displacement  at 
the  phase  transition  is  the  hydrogen  (H),  and  thus  this  atom  must  be 
dominantly  involved  in  the  transition  mechanism  This  conclusion  is 
consistent  with  the  fact  that  the  transition  temperature  (Tc)  increases  almost 
linearly  with  amount  of  deuteration,  up  to  a  maximum  of  about  500 
Indeed,  the  current  theoretical  models  of  the  phase  transition  in  SQA 
assume  that  the  transition  is  related  to  an  order-disorder  behavior  of  the  H’s 
in  their  O — H . . .  O  hydrogen  bonds  It  is  implicitly  assumed  that  the 
transition  is  of  an  order-disorder  type.  At  r>  Tc,  the  H’s  are  thought  to  be 
in  some  dynamic  state  such  that  they  are  statistically  found  located  at  the 
midpoint  of  the  O — H . . .  O  bonds.  On  lowering  the  temperature,  as  T^Tc, 
the  H’s  get  orderd  (i.e.,  localized)  close  to  one  of  the  O’s.  While  this  ‘order- 
disorder’  mechanism  seems  to  be  generally  accepted,  the  role  of  a 
‘displacive’  behavior  of  the  H’s  (or  the  heavier  atomic  sites)  has  not  been 
ruled  out.  Further  progress  in  the  development  of  these  theoretical  models 
for  this  phase  transition  is  hampered  because  of  the  lack  of  experimental 
data.  It  appears  that  this  is  a  result  of  the  lack  of  an  easily  accessible 
experimental  technique  with  which  one  could  probe  the  order-disorder 
versus  displacive  character  of  a  given  atomic  site.  In  the  following,  we 
attempt  to  show  that  MAS/NMR  could  help  provide  the  needed  data. 

An  additional  motivation  for  undertaking  this  study  was  that  there  is  a 
discrepancy  between  the  earlier  reported  NMR  and  X-ray  structural  data  on 
SQA:  whereas  the  X-ray  diffraction  studies  show  that  all  the  four 
carbons  in  the  C4O4  moiety  are  chemically  and  magnetically  distinct,  NMR 
measurements  indicated  that  the  four  carbons  can  be  grouped  into  two: 
the  C=0  and  the  C — OH  carbons.  In  the  present  investigation,  we  find 
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FIGURE  1  Crystal  structure  of  squaric  acid  in:  (a)  Antiferroelectric  phase  and  (b)  Paraelectric 
phase 


that  this  controversy  originated  from  the  lack  of  resolution  in  the  earlier 
NMR  investigations  As  discussed  below,  we  report  a  new  experimental 
methodology  which  enhances  the  NMR  resolution  by  a  factor  of  4.  This 
enhanced  resolution  has  made  it  possible  to  obtain  a  fairly  direct  evidence 
for  the  presence  of  a  displacive  character  in  the  mechanism  of  the  phase 
transition  in  squaric  acid. 


2.  THEORETICAL  BASIS 

The  basic  idea  underlying  this  study  is  that  the  isotropic  part  of  the  chemical 
shift  tensor  (5iso,  is  a  sensitive  function  of  the  overall  electronic  structure  of  a 
given  molecule  and  characteristic  of  the  relative  distances  and  dispositions 
of  the  various  atomic  sites  in  the  molecule  It  should  thus  be  possible  to 
monitor  the  change  in  the  dynamics  and  position  of  a  given  atomic  site  by 
measuring  the  (5iso  for  the  corresponding  nucleus.  It  is  noted  here  that 
several  earlier  studies  have  utilized  high  resolution  NMR  techniques  for 
studying  phase  transitions  in-bonded  solids.  Some  of  the  pioneering 
experimental  and  theoretical  results  have  been  reported  by  Blinc^^^  on  the 
ferroelectric  transition  in  KH2PO4  and  related  phosphates,  and  by 
Mehringf^’^^  on  squaric  acid.  In  both  of  these  cases,  single  crystals  were 
utilized  as  samples  with  the  view  of  measuring  the  change  in  the  total 
chemical  shift  tensor  6  across  the  phase  transition  boundaries.  The  major 
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theme  here  was  that  the  transition  mechanism  would  be  of  an  order-disorder 
type  if  <5iso  at  r>  Tc  were  to  be  found  to  be  essentially  equal  to  the  average 
of  the  tensor(s)  for  the  T<Tc  (ferroelectric  or  antiferroelectric)  phase.  In 
both  of  these  cases,  the  NMR  peak-widths  were  too  large  compared  to  the 
expected  change  in  <5iso-  Perhaps  the  dominant  factor  hindering  these  earlier 
studies  was  that  at  the  low  Zeeman  fields  utilized  in  those  investigations 
the  sought-for  change  in  (5iso  was  much  smaller  than  the  change  in  the 
anisotropic  part,  thus  making  it  hard  to  measure  the  isotropic  part.  In  the 
studies  presented  here,  we  took  a  new  approach:  direct  measurement  of  (5iso 
by  utilizing  the  MAS  techniques  In  addition,  for  the  CP/M  AS 

measurements  we  utilized  single  crystals  rather  than  powders  This 

latter  procedure  resulted  in  about  a  factor  of  four  enhancement  in  the 
spectral  resolution,  essentially  as  a  result  of  the  reduction  in  the  line¬ 
broadening  effects  due  to  anisotropic  bulk  magnetic  susceptibility 
(ABMS)  The  combined  use  of  MAS  and  single  crystals  has  enabled  us 
to  detect  a  significant  role  of  the  ‘displacive’  character  in  the  mechanism  of 
the  phase  transition  of  SQA  for  the  first  time. 


3.  EXPERIMENTAL  DETAILS 

3.1.  NMR  Measurements 

The  NMR  measurements  were  made  at  90.5  MHz  using  a  Chemagnetics 
VT-MAS,  double  resonance  probe.  Sample  temperature  could  be  varied 
from  120  to  520  K,  in  steps  of  0.1  K.  The  probe  temperature  readings  were 
corrected  by  using  squaric  acid  as  an  internal  standard,  following  an  earlier 
reported  procedure  A  variable  amplitude  cross-polarization  pulse 

sequence  was  combined  a  proton  flip-back-pulse  to  increase  the  repetition 
rate.  This  shortened  the  repetition  time  to  15  s.  This  procedure  enabled  us  to 
obtain  sufficient  signal-to-noise  ratio  with  4  to  12  accumulations. 

Another  important  aid  in  achieving  good  signal  and  narrow  peaks  was  the 
utilization  of  single  crystals  in  the  CP-MAS  measurements.  The  line 
width  at  half-intensity  point  decreased  form  about  1 .4  ppm  for  powders  to 
0.3  ppm  for  single  crystals,  which  was  mainly  responsible  for  the  success  of 
this  study. 

3.2.  Sample  Preparation  and  Crystal  Growth 

Squaric  acid  was  purchased  from  Aldrich.  Single  crystals  were  grown  by 
the  slow  evaporation  (over  several  days)  of  a  saturated  aqueous  solution. 
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The  samples  were  pressed  in  a  7.5  mm  rotor  using  silica  powder  as  a  filler. 
No  attempt  was  made  to  orient  the  single  crystals  inside  the  rotor,  mainly 
because  the  line  widths  obtained  for  any  arbitrary  orientation  were  found  to 
be  sufficiently  small  for  the  present  investigation. 


3.3.  Crystal  Structure 

Figure  1  shows  the  crystal  structure  of  squaric  acid  as  determined  by  X-ray 
diffraction  analysis  The  structure  consists  of  sheets  of  the  C4O4 

moieties  connected  together  through  O — H...O  hydrogen  bonds.  At 
T>  Tc  (373  K),  the  point  symmetry  is  D^h,  with  the  H’s  being  localized  at 
the  mid-point  of  the  O — H . . .  O  bonds  (Fig.  1(a)).  Thus  at  T>  Tc,  all  four 
carbons  are  chemically  and  magnetically  equivalent  and  only  one  peak 
would  be  expected  in  the  NMR  spectrum.  In  the  anitferroelectric  phase, 
below  373  K,  however,  the  H’s  localize  closer  to  one  or  the  other  oxygen,  in 
accordance  with  the  formula  H2C4O4  (Fig.  1(b)),  and  all  the  four  carbons 
become  chemically  distinct.  Thus  four  separate  peaks  would  be  expected  in  a 
spectrum  at  r<  These  considerations,  together  the  effects  of 
motional  averaging  in  NMR  spectra,  formed  the  basis  of  the  present  work. 


4.  RESULTS  AND  DISCUSSION 

4.1.  Resolution  Enhancement  in  MAS  Measurements  Due  to 
Single  Crystal  Usage 

Our  first  goal  was  to  probe  the  cause  of  discrepancy  between  the  earlier 
reported  X-ray  diffraction  and  high  resolution  NMR  studies 
Briefly,  the  high  resolution  NMR  measurements  on  SQA  single  crystals  at 
room  temperature  (antiferroelectric  phase)  yielded  only  two  values  for  the 
isotropic  chemical  shift,  di^o^  of  the  ^^C  carbons:  one  from  the  two  C=0 
carbons  and  the  second  one  from  the  two  C — OH  carbons.  The  X-ray  data, 
however,  require  that  all  four  carbons  be  chemically  distinct,  hence  one 
should  expect  four  separate  peaks  in  the  spectra.  With  a  view  of  obtain  a 
more  resolved  spectrum,  we  carried  out  ^^C  CP/MAS  measurements.  Figure 
2(a)  shows  a  typical  ^^C  spectrum  for  SQA  powder  at  room  temperature 
Once  again,  only  two  peaks  are  observed,  which  is  in  accord  with  the  earlier 
NMR  results,  but  in  disagreement  with  the  X-ray  data. 

We  surmised  that  the  source  of  discrepancy  between  the  NMR  and  the 
X-ray  results  might  relate  to  the  lack  of  resolution  in  the  NMR  spectra.  One 
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FIGURE  2  CP-MAS  spectra  of  squaric  acid  in  the  form  of:  (a)  powder,  (b)  a  single 
crystals'll 

important  source  of  broadening  in  MAS  is  bulk  magnetic  susceptibility 
(BMS).  As  discussed  in  detail  by  Vander  Hart  et  in  a  sample  of 

arbitrary  shape,  the  magnetic  polarization  induced  by  BMS  produces  a 
nonuniform  screening  field  that  leads  to  line  broadening.  In  the  case  of 
powder,  many  differently  shaped  small  crystals  distort  the  field  not  only 
inside  themselves,  but  they  also  influence  the  field  inside  the  neighboring 
crystals,  thereby  causing  a  significant  line  broadening  effect.  It  may  be  noted 
that  the  magnitude  of  this  broadening  process  increases  in  proportion  to  the 
applied  Zeeman  field,  so  simply  going  to  higher  fields  would  not  be  helpful. 
It  is  known,  however,  that  this  broadening  can  be  reduced  by  utilizing  single 
crystals  rather  than  powders  for  the  NMR  measurements.  We  thus  carried 
out  CP/M  AS  measurements  utilizing  single  crystals.  Figure  2(b)  shows  a 
typical  spectrum  from  a  single  crystal,  under  essentially  the  same  conditions 
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as  those  used  for  Figure  2(a).  This  spectrum^^^’^^^  shows  four  clearly 
resolved  peaks,  because  the  line  widths  decrease  by  a  factor  of  four:  from  an 
average  of  1.3  ppm  to  0.3  ppm.  The  use  of  single  crystals  in  the  MAS 
experiments  at  600  MHz  yielded  similar  results,  thus  confirming  that  the 
resolution  enhancement  was  essentially  a  result  of  the  reduction  of 
anisotropic  BMS  broadening. 


4.2.  Temperature  Dependence  of  the  Isotropic  Chemical  Shifts 

The  enhanced  resolution  afforded  by  the  use  of  single  crystals  in  the  CP/ 
MAS  spectra  opened  up  a  new  avenue  for  probing  the  temperature 
dependence  of  the  6iso  in  the  vicinity  of  the  Tc  of  SQA,  and  thereby  to 
probe  the  mechanistic  details  of  the  phase  transition. 

Figure  3  shows  the  temperature  dependence  of  the  ^^C  CP/M  AS 
spectra  in  the  paraelectric  (PA)  phase  (above  rc~373  +  or  -  1.5  K) 
as  well  as  in  the  antiferroelectric  (AFE)  phase  (below  Tc).  It  can  be  noted 
that  as  temperature  (T)  is  approached  from  the  T<Tc  side,  at  first  the  small 
splitting  of  the  two  main  doublets  (caused  by  H-bonding)  disappears.  This 
process  corresponds  to  the  initiation  of  the  delocalization  of  the  H’s  in  the 
O — H . . .  O  bonds.  Then  as  T—  >  Tc,  a  narrow  peak  appears  at  about  the 
average  positions  of  the  two  low-temperatures  peaks.  This  new  peak  grows 
in  intensity  at  the  expense  of  the  low-temperature  peaks  and  is  the  only 
signal  at  about  3  K  above  Tc.  Thus,  in  the  temperature  regime  in  which  all 
the  three  peaks  coexist,  the  areas  under  the  (low-temperature)  doublet  and 
the  (high  temperature)  singlet  are  proportional  to  the  fraction  of  the  lattice 
in  the  AFE  and  PA  phases,  respectively.  Figure  4  shows  the  temperature 
dependence  of  the  <5iso  (average)  for  all  four  carbons.  It  can  be  noted  that 
(5iso  increases  steadily  with  Tsls  T-  >  Tc,  but  exhibits  a  sharp,  anomalous, 
increase  within  2-3  K  of  the  Tc.  Since  the  parameter  ^iso  is  a  sensitive 
function  of  the  total  electronic  distribution  over  the  whole  molecule  any 
anomalous  variation  in  6iso  implies  the  existence  of  a  parallel  change  in  the 
molecular  structure.  We  note  here  that  the  earlier  NMR  studies  using  static 
single  crystals  have  also  reported  the  detection  of  a  difference  in  (5iso 
values  measured  at  room  temperature  (antiferroelectric  phase)  versus 
(apparently)  at  one  temperature  above  the  Tc.  Our  results  at  these 
temperatures  are  in  agreement  with  the  earlier  data 

The  above-described  detection  of  an  anomaly  in  <5iso  (averaged  over  all 
four  carbons)  is  a  direct  evidence  that  the  mechanism  of  the  PA- AFE  phase 
transition  involves  a  significant  in  the  electronic  and,  therefore,  molecular 
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FIGURE  3  Temperature  dependence  of  CP/MAS  spectra  of  squaric  acid^’^l 


Temperature  (K) 


FIGURE  4  Temperature  dependence  of  the  isotropic  chemical  shift,  8,  in  the  close  vicinity  of 
the  paraelectric  -  antntiferroelectric  phase  transition  of  squaric  acid  at  ~373  K 
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Structure  of  the  whole  H2C4O4  molecule.  This  result  in  turn  implies  that  the 
chemical  structure  of  the  high  temperature  (PA)  phase  is  not  just  a  time 
average  of  the  various  low-symmetry  forms  of  the  AFE  phase,  but  must 
include  a  definite  change  in  molecular  geometry.  Since  the  atoms  that 
undergo  the  largest  change  in  positions  are  the  H’s,  we  can  infer  that  the 
mechanism  of  the  phase  transition  involves  a  displacive  component,  in 
addition  to  an  order-disorder  behavior.  In  other  words,  on  lowering  the 
temperature  toward  Tc  the  potential  well  for  the  motion  of  the  H  within  an 
O — H . . .  O  bond  must  change  from  an  essentially  single  minimum  type  to 
an  asymmetric  double  minimum  type.  If  the  mechanism  were  only  the  order- 
disorder  type,  then  the  spectra  at  T  >  Tc  would  be  expected  to  be  strictly 
the  average  of  those  corresponding  to  the  low-temperature  phase,  devoid  of 
any  obvious  anomaly  at  Tc- 


5.  CONCLUSIONS 

The  higher  resolution  obtained  by  the  utilization  of  a  single  crystal  in 
CP-MAS  measurements  has  enabled  us  to  obtain  a  fundamentally 
important  result:  direct  evidence  for  the  displacive  character  of  the 
antiferroelectric  phase  transition.  The  mechanism  of  this  line  narrowing 
effect  due  to  the  use  of  single  crystals  appears  to  be  the  averaging  of  the 
broadening  due  to  the  anisotropic  bulk  magnetic  susceptibility  (ABMS),  as 
discussed  by  Van  der  Hart  et  This  is  consistent  with  our  observation 
that  the  line  widths  in  ppm  remain  unaffected  on  going  from  300  to  600 
MHz.  Moreover,  we  have  recently  suggested  that  the  high  resolution  spectra 
of  squaric  acid  such  as  reported  here  can  serve  aS  internal  standards  for  the 
calibration  of  the  absolute  temperature  as  well  as  temperature  gradient  in 
CP/MAS  studies  However,  in  some  other  compounds  such  as 
sucrose,  we  have  observed  that  only  some  of  the  C-13  peaks  exhibit  this 
remarkable  narrowing  effect.  We  are  continuing  these  studies  with  the  view 
of  arriving  at  a  detailed  understanding  of  this  line-narrowing  phenomenon 
that  is  a  direct  result  of  the  utilization  of  single  crystals  in  MAS^^^l 
Finally,  it  seems  worth  reporting  that  we  have  obtained^^^^  similar  results 
in  ^^P  MAS  investigations  on  NH4H2PO4  (ADP),  another  well-known 
hydrogen-bonded  lattice  that  undergoes  an  antiferroelectric  transition  at 
148  K.  Here  the  anomalous  increase  in  the  81^0  for  the  ^^P  nucleus  implies  a 
distortion  of  the  PO4  tetrahedral  units  as  a  result  of  the  localization  of 
protons  in  the  O — H . . .  O  bonds  that  link  the  PO4  groups.  While  further 
conclusions  must  await  some  additional  MAS  data,  it  seems  clear  that  the 
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localization  of  H’s  in  the  hydrogen  bonds  triggers  the  distortion  of  the  heavy 
atom  frame-work.  It  is  believed  that  this  result  is  of  high  current  interest  to 
those  interested  in  developing  the  theoretical  models  of  hydrogen-bonded 
ferroelectric  and  antiferroelectric  compounds  and  for  obtaining  new  clues 
toward  the  synthesis  of  new  polar  lattices. 
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The  nonlinear  ac-field  dependence  of  dielectric  and  piezoelectric  coefficients  in  soft  PZT 
piezoceramics  is  studied  at  /=100Hz.  We  demonstrate  that  two  different  thresholds  for  the 
onset  of  nonlinearity  exist  at  Ec2^\  V/cm  and  £'ci«100  V/cm,  respeetively.  At  weak  fields,  the 
ac-field  dependence  of  the  effective  dielectric  coefficients  obeys  a  scaling  x  =  xq  +  A[{E~E^j 

E2f  with  the  effective  coefficient  ^7=  1-5  ±0.1.  Above  the  large  field  threshold,  both  dielectric 
and  piezoelectric  coefficients  exhibit  a  non-analytic  scaling  behavior.  The  nonlinearity  is  here 
anisotropic  which  is  reflected  by  exponents  y?  =  1 .0  ±  0. 1  and  =  1 .2  ±  0. 1  for  fields  parallel  and 
perpendicular  to  the  poling  direction  of  the  ceramic,  respectively.  The  nonlinear  domain  wall 
response  at  fields  well  below  the  electrical  depoling  field  is  apparently  dominated  by  the 
depinning  of  domain  walls  rather  than  by  the  anharmonicity  of  the  potential  energy  of  the  wall. 

Keywords:  Nonlinearity;  PZT;  domain  wall 


INTRODUCTION 

PZT-piezoceramics  are  widely  used  in  technically  applications  such  as 
piezoelectric  actuators,  resonators  and  motors.  In  these  applications,  the 
material  is  usually  driven  in  high  electric  fields  resulting  in  a  substantial  non¬ 
linearity  in  the  piezoelectric  and  dielectric  behavior.  Nevertheless,  up  to 
date  little  understanding  was  developed  about  the  mechanisms  causing  the 
nonlinear  field  dependence  of  the  piezoelectric  and  dielectric  properties  of 
PZT. 

It  is  well  known  that  the  motion  of  domain  walls  driven  by  external 
electric  or  elastic  fields  has  an  important  influence  on  the  linear  dielectric  and 
piezoelectric  response  of  the  piezoceramic  (see  for  example  reference 
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A  large  amount  of  experimental  work  was  done  to  separate  this  extrinsic 
domain  wall  contribution  to  the  material  coefficients  from  the  intrinsic 
properties  of  a  (hypothetic)  single  domain  PZT-single  crystal.  In  donar 
doped  (soft)  PZT,  where  the  mobility  of  the  walls  is  exceptionally  high,  the 
domain  wall  contribution  to  the  permittivity  at  room  temperature  was 
shown  to  be  approximately  60%.  The  data  available  up  to  now  indicate 
that,  depending  on  the  amplitude  of  the  driving  ac-field,  at  least  two 
different  types  of  domain  wall  contributions  exist  in  PZT. 

First,  domain  walls  were  shown  to  contribute  already  at  low  ac  fields 
20mV/cm<  E<40V/cm  both  to  the  permittivity  £33  and  the  piezomodule 
<^33  and  no  ac-field  dependence  could  be  detected  within  the  measuring 
accuracy  in  this  ac-field  range.  It  is  assumed  that  weak  ac-fields  excite 
oscillations  of  domain  walls  which  are  pinned  at  the  grain  boundary  and  at 
randomly  distributed  defects  within  the  grain.  The  amplitude  of  these 
oscillations  is  thereby  much  smaller  than  the  lattice  constant.  This  type  of 
domain  contribution  is  referred  to  as  reversible  domain  wall  motion  because 
no  field  hysteresis  of  the  polarization  P  could  be  observed  at  weak  fields. 

Results  of  several  authors  indicate,  on  the  other  hand,  that  a  threshold  for 
the  onset  of  nonlinearity  exists  in  soft  PZT  at  lOOV/cm.  Since 

the  intrinsic  nonlinearity  in  PZT  is  believed  to  be  negligible  at  these  fields,  it 
was  suggested  that  an  additional  type  of  domain  wall  movement  sets  in  at 
Ec.  Above  threshold,  the  P{E)  dependence  is  hysteretic  and  can  be  described 
by  the  Rayleigh  law  originally  discovered  in  ferromagnetic  systems. 
Therefore,  the  additional  domain  wall  contribution  SitE>Ec  is  referred  to  as 
irreversible  domain  wall  motion.  The  threshold  field  Ec  is  usually  defined  to 
be  the  smallest  value  of  the  electric  field  for  which  a  field  dependence  of  the 
corresponding  quantity  can  be  detected.  Clearly,  this  procedure  depends  on 
the  accuracy  of  the  measurement  and  can  give  only  an  upper  limit  for  E^. 

In  addition  to  the  threshold  behavior  due  to  the  onset  of  irreversible 
domain  wall  motion,  other  sources  of  nonlinearity  related  to  the  domain 
wall  interaction,  the  electrical  and  mechanical  boundary  conditions  and  the 
nucleation  and  coalescence  of  domains  may  be  of  importance  at  higher  field 
strengths.  These  effects  were  considered  in  a  formal  phenomenological  ap¬ 
proach  by  treating  the  motion  of  the  wall  in  an  anharmonic  potential. 

In  this  paper,  we  have  studied  the  ac-field  dependence  of  the  dielectric  and 
electromechanical  properties  of  a  soft  PZT-piezoceramic.  We  compare  data 
obtained  in  fields  parallel  and  perpendicular  to  the  poling  direction  of  the 
ceramic,  respectively.  Special  attention  was  paid  to  the  range  of  low  ac-fields 
in  order  to  get  information  about  the  threshold  for  the  onset  of  irreversible 
domain  wall  motion  in  this  material. 


IRREVERSIBLE  DOMAIN  WALL  MOTION  IN  PZT 
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Experimental 

All  samples  were  cut  from  a  commercial  available  PZT-ceramic  (Motorola 
3203HD)  which  had  been  poled  for  1  minute  at  a  temperature  T=  373  K. 
The  poling  field  was  thereby  E=2^  kV/cm.  The  measurements  parallel  to 
the  poling  direction  were  performed  at  thin  plates  (typical  dimensions 
3x3x1  mm^),  whereas  perpendicular  to  this  direction  rectangular  paralle¬ 
lepipeds  (typical  dimensions  5x3x3mm^)  were  chosen.  Gold  electrodes 
were  sputtered  onto  the  major  faces. 

The  longitudinal  and  shear  strain  St,  and  Ss,  respectively,  were  measured 
using  a  glass  fibre  sensor  (MTI  2000).  The  sample  was  glued  with  its  bottom 
electrode  on  a  stage  and  a  mirror  was  mounted  on  to  the  top  electrode  from 
which  the  motion  of  the  top  surface,  originated  from  either  ^3  or  can  be 
sensed.  The  sinusoidal  measuring  voltage  (/=  100  Hz)  was  generated  by  a 
function  generator  (Stanford  Research  Systems  DS  345)  and  a  high  voltage 
amplifier  (TREK  610  C).  The  output  signal  of  the  glass  fiber  sensor  was  fed 
both  into  a  digital  oscilloscop  displaying  the  strain-field  dependence  and  a 
lock-in  amplifier  (Stanford  Research  Systems  DSR-830)  analyzing  its  first 
harmonic  component  from  which  we  determined  the  effective  piezo- 
coefficient  dij  —  A  Sawyer-Tower  circuit  was  used  to  measure 

simultaneously  the  polarization  of  the  sample  which  was  analyzed  in  its  first 
harmonic  by  another  lock-in  amplifier  to  obtain  the  effective  dielectric 
coefficients  eu  =  P^l'^^/Et. 

In  order  to  estimate  the  influence  of  dielectric  heating  and  field  induced 
changes  of  the  domain  structure  in  large  fields,  we  compared  the  results 
obtained  in  the  continuous  wave  mode  and  tone  burst  mode  where  5  periods 
of  the  ac- voltage  are  followed  by  a  3  seconds  zero  voltage  dwelling  time.  The 
measurements  were  restricted  to  the  field  range  where  the  results  do  not 
depend  on  the  mode  chosen  in  the  experiment.  At  weak  fields,  only  the 
permittivity  was  measured  using  a  General  Radio  1616  precision  capaci¬ 
tance  bridge  with  an  DSR-830  lock-in  amplifier  as  a  null  indicator. 


RESULTS  AND  DISCUSSION 

All  effective  dielectric  and  piezoelectric  coefficients  show  qualitatively  the 
same  ac-field  dependence  (Figs.  la,b).  The  nonlinear  contribution  to  these 
coefficients  increases  considerably  with  increasing  amplitude  E  of  the  ac- 
field  so  that  at  a  field  E^2  kV/cm  the  coefficients  are  about  two  times  of  the 
corresponding  small  signal  value.  By  adjusting  the  weak  signal  coefficient. 
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the  large  field  data  can  be  scaled  in  such  a  way  that,  in  a  double  logarithmic 
scale,  they  can  be  well  approximated  by  straight  lines.  This  indicates  that  the 
ac-field  dependence  of  the  coefficients  obeys  in  large  fields  a  simple  power 
law.  However,  deviations  from  the  power  law  appear  at  £"  <  100  V/cm  and 
the  ac-field  dependence  is  much  smaller  in  this  field  range.  This  supports  the 
hypothesis  suggested  previously  that  the  onset  of  irreversible  domain 
wall  motion  in  electric  fields  above  a  threshold  Ec  causes  the  significant 
nonlinearity  of  PZT.  In  order  to  test  this  scenario,  the  data  were  analyzed 
with  the  scaling  relation 


x^x^  +  A[[E-Ec)lE,Y  (i) 

where  x  stands  for  en,  £33,  <^15  and  d^3,  respectively,  and  the  threshold  field 
Ec,  the  weak  field  coefficient  xq,  the  prefactor  A  and  the  exponent  (j)  are  used 
as  free  fitting  parameters. 


FIGURE  1  AC-field  dependence  of  the  field  dependent  part  of  the  effective  coefficients  a)  £33, 
b)  d\s-  Full  symbols  represent  dielectric  data,  open  symbols  piezoelectric  data.  The 
straight  lines  illustrate  the  power  law  at  fields  E>  100  V/cm. 
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The  data  above  threshold  can  be  fitted  quite  well  by  Eq.  (1).  For  an 
accurate  determination  of  however,  the  parameter  xq  would  have  to  be 
fixed.  This  requires  the  precise  knowledge  of  the  weak  signal  coefficient 
which  we  find  to  have  itself  a  weak  but  distinctive  ac-field  dependence  which 
we  will  discuss  later.  For  this  reason,  we  can  give  here  only  a  rough 
estimation  50V/cm.  For  a  given  direction  of  the  field,  the  fit 

parameters  <p  and  Ec  obtained  on  piezoelectric  and  dielectric  data  do  not 
show  significant  difference.  Since  the  piezoelectric  response  can  only  be  from 
the  non- 180°  wall  motion,  the  adta  suggest  that  it  is  predominantly  the  non- 
180°  walls  which  are  depinned  and  contribute  to  the  nonlinear  response 
above  Ec.  On  the  other  hand,  the  effective  exponent  (/?  depends  on  the 
direction  of  the  ac-field  which  indicates  a  significant  anisotropy  of  the 
nonlinearity  of  the  ceramic.  We  determined  exponents  =  1.0  ±  0.1  for  fields 
parallel  and  1.2±0.1  for  fields  perpendicular  to  the  poling  direction. 

Now  we  discuss  the  observed  nonlinearity  of  PZT  piezoceramics  in  terms 
of  the  motion  of  domain  walls  driven  by  the  external  electric  field.  At  low 
frequencies  where  the  inertia  of  the  wall  can  be  neglected,  this  motion  is 
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given  by 


dU  dWE 

^  dAx 


(2) 


Here,  Ax  is  the  wall  displacement  from  the  equilibrium  position  due  to  the 
driving  force  given  by  the  electric  energy  We  of  the  wall  in  the  external 
electric  field.  The  energy  dissipation  of  the  moving  walls  is  usually  treated  by 
introducing  a  friction  force  Fp  Ax,  depending  linearly  on  the  wall 
velocity.  Finally,  the  restoring  force  Tv  is  determined  by  the  potential  energy 
C/(Ax)  of  the  wall  which  may  be  strongly  anharmonic.  In  this  case,  F,.  acting 
on  a  wall  would  depend  nonlinearly  on  the  displacement  Ax  from  its 
equilibrium  position.  Nevertheless,  any  nonlinearity  attributed  to  an 
anharmonic  potential  t/(Ax)  has  to  meet  the  symmetry  conditions  which 
imply  that  the  Taylor  expansion  of  a  coefficient  depending  on  a  field  Ex 
perpendicular  to  the  poling  direction  can  contain  only  even  order  terms  of 
Ex .  The  exponent  ip=\.2±.0A  determined  from  the  ac-field  dependence 
of  dx5  and  sxx,  respectively,  is  obviously  inconsistent  with  this  symmetry 
restriction.  It  should  be  noted  that  this  non-analytic  nonlinearity  can  be 
found  also  in  other  soft  PZT  materials  and  the  results  of  a  more 
comprehensive  study  will  be  published  elsewhere. 

In  small  fields  F  <  100  V/cm,  the  resolution  of  the  strain  measurement  was 
insufficient  to  provide  an  accurate  analysis  of  the  ac-field  dependence  of  the 
piezoelectric  coefficients  so  that  we  present  here  only  dielectric  weak  field 
data.  Though  much  weaker  than  in  large  fields,  the  ac-field  dependence 
of  the  dielectric  coefficients  shown  in  Figure  2  is  apparently  more  intricate 
than  in  large  fields  and  depend  moreover  on  the  particular  sample 
under  investigation.  A  closer  examination  shows,  however,  that  the  sample 
properties  have  changed  during  the  measurement  by  the  measuring  field 
itself.  That  is,  the  value  x(^o)  of  the  susceptibility,  determined  for 
sufficiently  small  fields  Fo<  0.3  V/cm  for  which  no  ac-field  dependence  can 
be  detected,  changes  during  the  measurement  and  depends  on  the  value  of 
the  measuring  field  E^  before  (see  Fig.  2).  We  interprete  this  behavior  as  a 
deaging  phenomenon  due  to  the  measuring  field.  This  deaging  effect  has  in 
weak  fields  the  same  order '  of  magnitude  as  the  reversible  ac-field 
dependence  which  we  separate  by  considering  the  differenee 


Ax  =  x(-E'm)  -  x(£'o)- 


(3) 


The  resulting  values  Ax(F^)  are  independent  of  the  particular  aging  state  of 
the  sample  and  can  be  fitted  according  to  Eq.  (1)  in  the  same  way  as  the 
corresponding  data  in  large  fields.  In  this  manner,  we  found  for  both 
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directions  of  the  external  field  the  effective  exponent  (/?=  1.5±0.1  (Fig.  3), 
As  in  the  large  field  region,  this  ac-field  dependence  can  not  be  attributed  to 
a  simple  Taylor-expansion  of  the  dielectric  coefficient.  On  the  other  hand, 
the  threshold  in  weak  fields  can  be  determined  much  more  precisely  because 
the  field  independent  part  xiin  has  not  to  be  taken  into  account  as  an 
additional  fitting  parameter.  Therefore,  the  data  prove  unambiguously  the 
existence  of  a  non-zero  threshold  £^^2  =  0.6  ±0.2  V/cm  for  the  onset  of 
nonlinearity  in  the  ceramic  at  weak  fields.  Since  we  could  not  obtain 
sufficiently  accurate  piezoelectric  data  in  weak  fields,  it  is  not  clear  whether 
the  threshold  at  Ed  is  connected  with  the  onset  of  180°  wall  motion  or  with 
another  kind  of  non-180°  wall  motion. 

One  approach  to  introduce  a  nonlinearity  into  the  model  of  moving 
domain  walls,  which  is  compatible  with  the  experimental  results,  is  to 
modify  the  assumption  of  a  linear  friction  force- velocity  dependence  Ff{x). 
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FIGURE  2  AC-field  dependence  of  the  dielectric  coefficients  in  weak  fields  (full  symbols).  The 
data  are  normalized  to  the  value  £(0)  measured  initially  at  the  AC-field  £"0  =  0.3  V/cm.  Open 
symbols  represent  data  measured  at  £= £o  immediately  after  the  measurement  at  the  particular 
measuring  field  >  Eq  was  completed. 
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FIGURE  3  AC-field  dependence  of  the  reversible  exzess  part  of  the  suszeptibility 

close  above  weak  field  threshold.  The  exponent  /?  =  3/2  was  obtained  from  a  least  square  fit  of 
the  experimental  data  which  is  represented  by  the  straight  lines. 


We  note  that  theoretical  models  treating  the  depinning  transition  of  elastic 
interfaces  as  a  dynamical  critical  phenomenon  predict  a  scaling  behavior 
similar  to  Eq.  (1)  between  force  and  velocity  above  the  onset  of  interface 
motion.  The  introduction  of  a  nonlinear  friction  force  changes  Eq.  (3) 
into  a  nonlinear  differential  equation 


Ax  =  13 


dAx  dAx) 


(4) 


where  /5  is  a  friction  coefficient  and  Fc  the  critical  depinning  force.  The 
critical  exponent  ip  depends  on  the  spatial  dimensionality  d  and  no  result  is 
available  up  to  now  for  3.  It  is  believed  that  the  exponent  for  J  =  3  is 
between  1  and  the  mean-field  exponent  3/2. 

We  are  aware  that  the  values  for  threshold  field  and  effective  exponent 
obtained  in  a  technical  piezoceramic  represent  the  average  over  all  grains, 
180°-  and  several  types  of  non- 180°  domain  walls  with  different 
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orientations  to  the  external  field.  In  addition,  our  experiments  may  not 
probe  the  critical  region  of  a  probable  depinning  transition  in  the  sense  of 
the  theory  mentioned  above.  As  more  it  is  surprising,  that  the  exponents 
determined  in  this  study  seem  to  be  consistent  with  the  theoretical 
expectations.  Moreover,  an  exponent  =  1.45  ±0.03  was  found  recently 
for  (non-ferroelastic)  180°  domain  walls  in  the  ferroelectric  lock-in  phase  of 
a  purified  incommensurate  single  crystals.  Clearly,  more  experimental 
work  especially  on  single  crystals  is  necessary  to  obtain  further  information 
about  the  depinning  transition  of  ferroelectric  non- 180°  walls. 

Another  related  issue  is  the  nature  of  the  restoring  force  which  cannot  be 
ignored  in  Eq.  (4)  since  this  would  lead  to  a  nonlinear  conductivity.  It 
should  be  pointed  out  that  only  a  small  amount  AP<0.1Po  of  the 
spontaneous  polarization  Pq  is  switched  in  our  experiments.  Apparently,  the 
mean  displacement  of  the  walls  is  considerably  smaller  than  the  mean  wall- 
wall  distance  provided  that  the  majority  of  the  walls  are  displaced  by  the 
field  and  contribute  to  AP.  For  small  displacements  Ax,  it  is  reasonable  to 
assume  that  the  wall  moves  in  a  quasiharmonic  potential  and  the  restoring 
force  depends  approximately  linearly  on  Ax.  On  the  other  hand,  the  motion 
of  the  interface  close  above  the  depinning  threshold  is  jerky  and  the 
elasticity  of  the  wall  itself  may  also  contribute  to  the  restoring  force. 

To  conclude,  evidence  for  the  onset  of  nonlinearity  in  soft  PZT 
piezoceramics  at  two  threshold  fields  Ed  and  was  obtained  by  analyzing 
the  nonlinear  ac-field  dependence  of  their  dielectric  and  piezoelectric 
coefficients.  The  result  suggests  that  dynamical  critical  phenomena 
connected  with  the  onset  of  collective  interface  motion  above  a  threshold 
field  Ec  determine  the  nonlinear  response  of  the  piezoceramics.  The  non¬ 
linearity  of  ferroelectrics  in  the  field  range  of  so  called  “Raleigh  loops” 
appears  therefore  to  be  attributed  to  the  dynamics  of  domain  walls  moving 
in  a  medium  with  randomly  distributed  pinning  centers  rather  than  by  the 
anharmonicity  of  the  potential  energy  of  the  wall. 

The  authors  are  grateful  to  the  Motorola  Ceramics  Products  Division  for 
providing  ceramic  material  for  this  study  and  acknowledge  financial  support 
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Lead  barium  niobate  single  crystals  of  the  composition  Pbo.596Bao.404Nb2.o3706j  near  the 
tetragonal;  orthorhombic  morphotropic  phase  boundary  with  tetragonal  symmetry  at  room 
temperature,  were  the  subject  of  this  study.  The  crystallographic  details,  including  the  ionic 
coordination,  the  site  occupancies  and  the  thermal  anisotropy  of  a  lead-containing  tetragonal 
tungsten  bronze  crystal  are  determined.  This  paper  reports  the  structural  refinement  results,  the 
site-preference  by  cations  and  vacancies,  the  macroscopic  polarization  properties  derived  from 
the  cation  displacement,  and  the  apparent  valences  determined  by  the  bonding  distance.  Unlike 
other  non-lead-containing  ferroelectric  tungsten  bronzes,  significant  polarization  contribution 
can  be  attributed  to  cations  (Pb^^  and  Ba^^)  at  the  A2-site.  Large  anisotropic  thermal 
coefficients  found  for  cations  at  the  A2-site  further  strengthens  the  local  polarization  fluctuation 
model  and  suggests  the  local  polarization  components  are  perpendicular  to  the  mirror  plane 
along  the  (110)  direction. 

Keywords:  Tungsten  bronze  lead;  barium  niobate 


INTRODUCTION 

The  tungsten  bronze  ferroelectric  family  is  one  of  the  largest  oxygen 
octahedral  ferroelectric  families  next  to  the  ferroelectric  perovskites.  Similar 
to  the  perovskites,  the  ferroelectric  tungsten  bronzes  typically  have  large 
spontaneous  polarization  and  high  dielectric  constants.  The  structural 
flexibility  and  the  chemistry  versatility  of  this  family  make  it  more  suitable 


123 


124 


R.  GUO  et  al. 


in  many  application  aspects  than  the  ferroelectric  perovskites.  Additionally, 
a  morphotropic  phase  boundary  (MPB)  that  separates  two  ferroelectric 
phases  with  mutually  perpendicular  polarization  directions  has  been  found 
so  far  only  in  tungsten  bronze  solid  solution  systems  such  as  in 
Pbi_;cBa^Nb206,  (PBN).  Along  with  many  optimized  properties  expected, 
it  was  also  demonstrated  that  in  PBN,  polarization  status  can  be  controlled 
by  applying  external  electric  field  in  a  crystal  near  the  MPB  composition 
and  crystals  grown  with  proper  compositions  can  have  both  the  ferro¬ 
electric-ferroelectric  and  ferroelectric -paraelectric  phase  transitions  in 
temperature  span  with  good  crystal  quality  and  homogeneity 

The  prototype  of  all  tetragonal  tungsten  bronzes  is  of  point  group 
4/mmm.  The  chemical  formula  in  an  extended  sense  has  complicated 
composition  with  the  general  form: 

(Al)f(A2)f{C)f(Bl)^"(B2)ro" 

in  which  Al,  A2,  and  C  are  the  12-,  15-,  and  9-fold  coordinated  sites  in  the 
crystal  structure  surrounded  by  oxygen  anions. The  B06  octahedra  are 
linked  by  their  corners  in  such  a  manner  as  to  form  three  (Al:  square,  A2: 
pentagonal,  and  C:  triangular)  different  types  of  tunnels  running  through 
the  structure  parallel  to  the  c-axis.^"^^  In  Pbi_;cBa;fNb206  the  polar  axis  is 
parallel  to  the  (001)  axis  for  the  Ba-rich  tetragonal  phase  but  perpendicular 
to  the  (001)  for  the  Pb-rich  orthorhombic  phase.^^^  The  dependence  of  the 
polarization  orientation  on  composition  results  in  the  appearance  of  the 
morphotropic  phase  boundary. 

Determinations  of  ferroelectric  tungsten  bronze  crystal  structures  were 
given  by  Jamieson,  Abrahams,  and  Bernstein  in  their  detailed  structure 
measurements  on  specific  compositions  of  SBN,^^^  BNN,^^^  and 
However,  precise  determinations  of  ferroelectric  tungsten  bronze  crystal 
structure  for  lead-containing  compounds  that  may  have  polarization 
components  in  the  a-b  plane  are  so  far  lacking.  To  understand  the 
ferroelectric  tungsten  bronzes,  particularly  the  lead-containing  families,  for 
their  relaxor  behaviors  (e.g.,  dispersive  dielectric  properties)  at  near  the 
ferroelectric -paraelectric  phase  transitions,^^^  or  in  a  substantially  lower 
temperature  region,^^^^  knowledge  of  the  structural  details  is  necessary.  This 
study  was  intended  to  fill  in  this  gap  by  carrying  out  the  crystallographic 
structure  study  on  a  lead  containing  tungsten  bronze  crystal,  tetragonal 
Pbo.596Bao.404Nb2.o3706  (abbreviated  hereafter  as  PBN60,  or  nominally, 
Pb3Ba2Nbio03o)- 
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EXPERIMENTAL  PROCEDURE 

Single  crystal  specimens  used  for  this  study  were  grown  by  the  Czochralski 
pulling  technique,  at  the  Materials  Research  Laboratory,  Penn  State 
University.  Chemical  composition  of  the  crystal  studied  was  determined 
by  electron  probe  microscopic  analysis  as  to  be  Pbo.596Bao.404Nb2.o3706. 

A  tetragonal  unit  cell  was  measured  from  a  Guinier-Hagg  focused  powder 
pattern.  Precession  photographs  confirmed  the  Laue  group  4/mmm  with 
absences  corresponding  to  a  6-glide;  the  ferroelectric  character  of  the  crystal 
leads  to  a  space  group  P4bm  (no.  100).  X-ray  powder  diffraction  pattern  was 
obtained  on  finely  ground  and  annealed  (550°  C  for  5  hours  in  air)  crystal 
powder.  The  lattice  parameters  obtained  by  powder  XRD  after  the  least 
square  fitting  are  a  =  b=  12.502(3)  A,  c=  3.961(7)  A,  and  a  unit  cell  volume 
of  U  =  619.2  A^.  The  measured  density  of  the  crystal  is  6,13  g/cm^, 
comparing  to  the  X-ray  density  of  6.18  g/cm^,  based  on  its  analytical 
formula. 

The  crystal  chip  selected  was  from  an  as  grown  crystal  boule  (without 
annealing)  to  obtain  a  single  domain  piece.  A  thin  crystal  flake, 
0.3x0.3x0.03  mm  in  size,  was  selected  and  then  mounted  on  the  CAD4 
diffractometer  (Smithsonian  Institution,  Washington,  D.  C.).  A  total  of 
1148  reflections  within  one-quarter  of  the  Ewald  sphere  with  2^  <60°  were 
measured.  These  were  reduced  to  546  symmetry-independent  structure 
factors,  of  which  506  had  |F|  >  3cr(F)  (being  significantly  above  background) 
and  were  used  to  refine  the  structure  parameters. 


DATA  ANALYSIS  AND  STRUCTURE  REFINEMENT 

Starting  with  the  structure  of  PbNb206  tungsten-bronze  type,  the  structure 
was  refined  in  space  group  P4bm  holding  ZNb2  constant.  Convergence  was 
obtained  at  first  with  one  Pb  in  site  2{a)  and  four  Ba  in  site  4(c)  =  0.10). 

Refinement  of  population  parameters  indicated  occupation  0.5  for  Nb(l) 
and  1 .0  for  Ba.  However,  two  measurements  (EPM A  analytical  result  and 
density  measurement)  clearly  indicated  a  much  higher  proportion  of  lead  in 
the  sample. 

Refinement  was  renewed  with  Pb(l)  half  occupied,  and  Ba  half  replaced 
by  Pb(2).  Following  Brusset  et  all  the  Ba  is  confined  to  the  mirror-plane 
site.  Least  squares  analysis  continued  to  converge;  population  parameters 
were  then  released  for  refinement  for  Pb(l),  Pb(2),  and  Ba,  while  position 
parameters  for  Ba  were  held  to  those  of  Pb(2).  With  anisotropic  parameters 
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refined  for  Nb,  Pb,  and  Ba,  R,,  reached  0.081.  With  O  anisotropic 
reached  0.076,  but  all  O  atoms  tended  to  a  nonpositive  definite  state. 

It  became  apparent  that  the  above  procedure  was  not  realistic. 
Refinement  of  Ba  as  above  leads  to  unusual  results  (t/=0.22)  and 
Pb:Ba  =  5:2.  The  structure  appears  to  be  very  “soft”,  that  is,  cross 
correlation  and  errors  tend  to  become  high.  A  more  careful  approach  was 
followed  and  some  basic  restrictions  such  as  Pb  +  Ba  =  5,  and  that 
Pb:Ba  =  3:2  were  applied. 


REFINEMENT  RESULTS  AND  DISCUSSIONS 

Refinement  with  Nb  and  Pb  anisotropic  and  Ba  fixed  to  A2  with/?  =  0.5  led 
to  R»^  =  0.085,  but  Pb:Ba  =  2.87:2.  With  Pb:Ba  fixed  at  3:2  and  only/?  for  Al 
refined  and  P  for  A2  adjusted  to  hold  Pb/Ba  at  3:2,  with  isotropic  oxygen, 
R,,  reached  0.090.  This  result  led  to  occupancy  of  the  4-axis  site  of  0.551, 
and  for  the  mirror-axis  site  0.975.  The  A2  site  is  somewhat  elongated  normal 
to  the  mirror  plane  (Fig.  1),  which  suggests  that  the  site  could  also  be  split 
with  the  atoms  localized  in  positions  to  one  side  of  the  mirror.  An  attempt  to 
refine  such  a  model  clearly  showed  that  there  is  no  concentration  of  electron 
density  off  the  mirror  plane.  With  split  A2  atoms,  isotropically  the  model 
did  refine  but  to  a  higher  R,  and  anisotropically  it  drifted  back  to  the 
elongated  mirror  position. 

The  final  position  coordinates  and  the  final  temperature  coefficients 
corresponding  to  the  best  model  successfully  carried  out  referred  to  above 
are  listed  in  Table  I. 

(a)  Al-  and  A2-Site  Occupancies  by  Cations  and  Vacancies 

The  structure  refinement  results  indicated  that  there  are  essentially  no 
barium  atoms  in  the  A 1 -site.  When  an  attempt  was  made  to  place  barium 
atoms  in  the  A 1 -site,  the  population  for  this  site  is  refined  to  nearly  zero. 

The  lattice  parameters  refined  for  the  single  crystal  chip  (unannealed 
state)  are  a  =  b—  12.4970  A,  c  =  3.9603  A,  and  the  population  of  Pb  in  the 
Al-site  is  /?  =  0.551.  The  lattice  parameters  found  for  the  powder  X-ray 
diffraction  of  the  annealed  powder,  however,  are  a  =  Z?  =  12.5019  A, 
c  =  3.9605  A,  and  the  population  of  Pb  in  the  Al-site  was  found  to  be 
somewhat  higher  than  p  =  0.551  as  in  the  case  of  unannealed  crystal.^^^^ 
It  is  likely  that  the  Al-site  in  the  annealed  state  is  larger  than  that  in 
the  unannealed  state  (or  poled  state),  presumably  due  to  the  relaxation  of 
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FIGURE  1  PBN60  single  crystal  refined  structure  viewed  along  the  polar  c-axis. 


oxygen  octahedron  distortion  and  redistribution  of  vacancies  after  anneal¬ 
ing  that  makes  the  A 1 -site  more  accommodate  to  the  ions.  This 

observation  is  in  agreement  with  Trubelja  et  al  that  an  increase  in  Sr 
occupancy  in  the  A 1 -site  was  observed  in  Sro.5oBao.5oNb206  upon  annealing. 
It  is  a  further  support  for  the  vacancy  non-random  distribution  hypothesis 
proposed  earlier,  through  an  annealing  and  quenching  effect  study  in 
tungsten  bronze  Sri_^Ba;cNb206  and  Ba2-xSrjcKi_^Na_j,Nb50i5  crystals. 

(h)  Oxygen  Anisotropy 

Attempts  to  refine  oxygen  anisotropically  always  led  to  a  nonpositive 
definite  result,  but  apparently  with  certain  significance.  An  oblique  view  of 
the  structure  (Fig.  2)  shows  that  the  oxygen  atoms  are  highly  compressed 
normal  to  the  Nb — O  bonds  as  would  be  expected.  Though  the  effect  is 
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TABLE  I  Refined  parameters  for  Pb3Ba2Nbio03o 


Atoms 

Populations:  2pph2  +  4ppb2  +  4pBa  '■ 
Coordinates 

Position  X  y 

=  5;  Pb:Ba  =  3:2 

z  u 

P 

Nb(I) 

2b  B1 

0.0 

0.5 

-0.0089(34) 

0.11(6) 

1.0 

Nb(2) 

8d  B2 

0.0740(2) 

0.2104(2) 

0.0 

0.16(8) 

1.0 

Pb(l) 

2a  Al 

0.0 

0.0 

0.4887(26) 

0.14(7) 

0.551(3) 

Pb(2) 

4c  A2 

0.3287(5) 

0.1713 

0.4904(32) 

0.26(13) 

0.475 

Ba 

4c  A2 

{x,y,z  =  Pb(2)) 

0.30 

0.500 

0(1) 

8d 

-0.007(1) 

0.345(1) 

0.048(7) 

0.15(8) 

0(2) 

4c 

0.216(2) 

0.274 

0.062(7) 

0.10(6) 

0(3) 

8d 

0.141(1) 

0.070(1) 

0.054(5) 

0.11(6) 

0(4) 

4c 

0.0 

0.5 

0.546(24) 

0.22(11) 

0(5) 

8d 

0.072(2) 

0.211(2) 

0.540(11) 

0.19(19) 

Thermal  Ellipsoids  (A^) 

Atoms 

Un 

U22 

U23 

C/,2 

C/l3 

C/23 

Nb(l) 

0.007(1) 

0.007 

0.024(2) 

-0.000(1) 

0.0 

0.0 

Nb(2) 

0.009(1) 

0.008(1) 

0.027(1) 

0.002(1) 

-0.007(2) 

0.006(2) 

Pb(l) 

0.013(1) 

0.013 

0.030(2) 

0.0 

0.0 

0.0 

Ba/Pb(2) 

0.078(2) 

0.078 

0.054(3) 

0.021(2) 

0.000(6) 

0.000 

probably  exaggerated  by  an  inadequate  absorption  correction  on  the 
intensity  data;  nevertheless,  the  correction  is  to  some  degree  valid  as  shown 
by  the  distinct  improvement  of  over  conventional  R.  The  05  half-atom 
model  used  by  Jamieson  et  al.  in  other  tungsten  bronze  crystals  such  as 
SBN  was  not  adopted  in  this  study  as  the  isotropic  temperature  constants 
refined  for  05  and  04  are  within  normal  range. 
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(c)  Cation  Displacement  and  Polarization 

The  final  position  coordinates  of  Table  I  and  the  lattice  constants  were  used 
to  calculate  interatomic  distances  and  angles,  as  listed  in  Table  II. 

As  can  be  seen  from  the  Figure  3,  cations  displace  in  the  same  sense  away 
from  the  nearest  mean  plane  of  oxygen  anions.  The  oxygen  atoms  lie  close 
to  a  plane  0.2  A  below  the  level  of  the  Nb  atoms.  The  short  apical  Nb  —  O 
distance  is  1.76(9)  A  for  Nb(l)  and  1.82(4)  A  for  Nb(2),  each  of  these  sites 


TABLE  II  Interatomic  distances  and  angles  in  Pb3Ba2Nbio03o 


Distances  (A) 

Angles  (deg.) 

Atoms 

d 

Atoms 

a 

Nb(l)— 0(4) 
-0(l)'(x4) 

1.76(9) 

0(4)— Nb(l)—  0(l)(x4) 

97.7(8) 

1.95(2) 

0(1)— Nb(l)—  0(l)(x4) 

84.1(6) 

-0(4)' 

2.20(9) 

0(1)— Nb(l)—  0(l)(x4) 

94.3(6) 

Nb(2)— 0(5) 

1.82(4) 

0(4)— Nb(l)—  0(4) 

180.0 

-0(3) 

1.96(2) 

0(1)-Nb(l)-  0(l)(x2) 

166.6(1.3) 

-0(1) 

1.98(2) 

0(5>— Nb(2)—  0(3) 

96.7(9) 

-0(3)' 

2.01(2) 

0(5)— Nb(2)—  0(1) 

0(5)— Nb(2)—  0(3)' 

95.1(1.0) 

-0(2) 

-0(5)' 

2.02(2) 

95.6(9) 

2.14(4) 

0(5)— Nb(2)—  0(2) 

97.5(1.0) 

Pb(l)— 0(3)(x4)  2.61(2) 

0(5)— Nb(2)—  0(5)' 

178.8(9) 

-0(5)(x4) 

2.79(2) 

0(3)— Nb(2)—  0(1) 

167.0(9) 

-0(3)(x4) 

2.99(2) 

0(3)— Pb(l)—  0(3)' 

89.1(6) 

Ba/Pb(2)— 0(2)  2.61(3) 

0(3)— Pb(l>-  0(2) 
0(3)-Pb(l)-  0(5)' 

0(1)— Ba/Pb(2)-0(3)' 
0(l>-Ba/Pb(2)-0(2)' 

0(1)— Ba/Pb(2)— 0(5)' 

0(3)— Ba/Pb(2)-0(2)' 

0(3)— Ba/Pb(2)-0(5)' 

0(2)— Ba/Pb(2)-0(5)' 

90.9(5) 

-0(l)(x2) 

-0(2)' 

-0(l)'(x2) 

2.71(3) 

84.2(8) 

3.01(3) 

84.3(6) 

3.02(2) 

93.0(6) 

-0(4) 

3.04(1) 

84.1(9) 

-0(3)(x2) 

3.18(2) 

166.8(1.0) 

-0(5)(x2) 

3.25(2) 

83.5(8) 

-0(5)'(x2) 

3.39(2) 

83.4(1.0) 

-0(3)'(x2) 

3.48(2) 

i 

L  + 

0.^5 

0.^8 

_ Of4^ _ QfSl _ 

Pb(l) 

Pb(2)/Ba 

'  f 

z=  0.5 

P 

▼ 

0.18  0.16 

NbClj) 

NbCZ) 

Od)  a(T)  OC3) 

“  z=0.0 

“  0.00 
0.035 


0.19 


0.24 


0.21 


FIGURE  3  Magnitude  and  sense  of  atomic  displacements  (in  angstroms)  relative  to  the  c-axis 
in  PBN60.  Macroscopic  polarization  is  indicated  by  the  large  arrow. 
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possesses  distorted  octahedral  symmetry.  On  average  the  apical  distance  is 
1.78  A  and  the  opposite  distance  is  2.22  A.  The  equatorial  Nb  —  O  distances 
are  all  near  the  average  1.97  A  (compared  with  the  average  distance  of  2.0  A 
in  LiNbOs  and  2.011  A  in  KNbOs). 

The  Pb(l)  coordination  has  mm  symmetry  and  is  12-fold  with  Pb(l) — O 
distances  average  2.80  A.  The  Pb(2)/(Ba)  environment  is  irregular  with  15 
oxygen  contacts  within  3.5  A. 

The  direction  of  cation  displacements  can  be  related  directly  to  the 
orientation  of  the  macroscopic  ferroelectric  polarization  as  illustrated  in  the 
Figure  3.  Note  that  the  Nb(2)  position  was  selected  for  the  z  =  0  plane.  It  is 
known  that  for  lead-free  oxygen  octahedron  compounds,  the  displacement 
of  Nb^^  from  the  oxygen  plane  is  the  major  contribution  to  the  macro¬ 
scopic  polarization.  Substantial  polarization  contributions  in  this  crystal, 
however,  can  be  attributed  to  the  Pb^^  and  Ba^"^  displacements  as  they  are 
of  similar  magnitude  as  that  of  the  Nb^^. 

An  evaluation  of  the  spontaneous  polarization  can  be  made  based  upon 
the  knowledge  of  the  atomic  displacement.  Two  different  approaches  are 
compared: 

(a)  From  the  proportionality  relationship  with  displacement  A  (in 
angstroms)  developed  by  the  “homopolar”  metal  atoms,  the  equation 

P,  =  (258  ±  9)  A  [/iC/cm^]  (1) 

can  be  used  for  P^  calculation  for  oxygen  octahedra  ferroelectrics, 
provided  the  ferroelectric  material  is  of  displacive  type.  Spontaneous 
polarization  evaluated  for  the  NbOg  oxygen  octahedra  gave  values  P^  = 
54.8~58.7  pC/cm^  (for  Nb(l)06  group)  or  P^  =  39.8  ~ 42.7  pC/cm^  (for 
Nb(2)06  group).  Simple  weighted  average  of  the  Nb(l)-  and  Nb(2)- 
group  yielded  average  value  of  P^  —  44.8 48.1  pC/cm^.  The  calculated 
average  values  are  in  reasonable  agreement  with  the  experimentally 
determined  value  (P^  =  38~46  pC/cm^).  It  perhaps  indicated  that  one 
dimensional  displacive  model  is  still  suitable  for  this  material,  being 
consisted  of  the  oxygen  octahedra  building  blocks. 

(b)  Assuming  a  point-charge  model,  using  the  expression: 

(2) 

where  the  summation  is  over  the  volume  V  containing  i  ions  of  charge  Z/, 
and  A/  is  the  atomic  displacement  vector  along  the  polarization  axis,  the 
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total  polarization  taking  into  account  each  ions  can  be  calculated.  The 
value  thus  obtained  is  Ps=  41.7  pC/cm^,  compared  to  the  experimental 
value. 


(d)  Apparent  Valence  of  the  Cations 

The  apparent  valences  (K/)  of  the  cations  for  PBN60  single  crystal  using  ros 
listed  in  Brown  and  Altermatt  were  calculated  for  the  refined  structure. 
The  results  are  summarized  in  Table  III. 

As  it  is  clear  from  the  Table  III  that  the  Pb^^  in  the  A2-site  (15- 
coordination)  are  severely  underbonded.  High  polarizability  in  the  unique  c- 
axis  direction  in  this  tetragonal  structure  therefore  evidently  includes  the 
contribution  from  the  largely  rattling  Pb^"^  ions  in  the  A2-site.  Together 
with  the  high  temperature  anisotropy,  the  cation  fluctuation  in  the  A2-site 
could  give  dynamic  polarization  components  perpendicular  to  the  mirror 
plane,  in  the  (110)  direction.  With  the  increase  of  the  Pb:Ba  ratio,  it  is 
inevitable  that  more  Pb^"^  will  occupy  A2-site,  that  may  aggravate  the 
rattling  status  of  the  Pb^^  in  the  open  cage  until  the  orthorhombic  structure 
became  energetically  more  favored  in  the  morphotropic  phase  boundary 
composition  (Pb:  ~63%).  Slight  overbonding  is  found  for  Pb^^  in  the  Al- 
site  and  Ba^"^  in  the  A2-site.  Nb(l)  in  Bl-site  is  also  slightly  overbonded  and 
is  known  to  form  less  distorted  oxygen  octahedra  compared  to  the  more 
deformed  Nb(2)  in  B2-site. 


SUMMARY 

Crystallographic  structural  refinement  for  a  single  crystal  of  composition 
Pbo.596Bao.404Nb2.o3706  was  carried  out  and  the  results  obtained  allowed 
further  understanding  on  the  ferroelectric  tungsten  bronze  polarization 
mechanisms.  It  is  found  that  at  Pb:Ba  =  3:2  ratio,  there  is  essentially  no 


TABLE  III  Apparent  valences  for  cations  in  Pb3Ba2Nbio03o 


Atom 

Site 

Coordination 

Vi 

Nb(l) 

B1 

6 

5.498 

Nb(2) 

B2 

6 

4.999 

Pb(l) 

A1 

12 

2.045 

Ba 

A2 

15 

2.088 

Pb(2) 

A2 

15 

1.307 
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occupies  the  A 1 -site.  cations  prefer  occupation  of  the  A2-site 

over  the  A 1 -site  as  the  A 1 -site  was  found  nearly  half  vacant.  in  the  A2- 

site  is  severely  underbonded  and  both  Nb^^  and  Pb^^/Ba^^  (in  A2-site)  are 
major  contributors  to  the  macroscopic  polarization.  Rattling  Pb^”^  in  A2- 
site  with  large  temperature  anisotropy  may  cause  significant  polarization 
components  normal  to  the  mirror  plane.  Reduced  thermodynamic  energy 
may  force  the  frozen  of  Pb^'*'  cations  at  one  side  of  the  mirror  plane  and 
cause  local  polarization  components.  There  is  no  ionic  concentration  found 
away  from  the  mirror  plane  at  the  environmental  temperature. 
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Based  on  an  analysis  of  the  wavevector  dependence  of  lattice  instabilities  in  KNbOa,  the 
existence  of  a  real-space  chain-like  instability  was  deduced  To  further  study  this  instability, 
we  have  constructed  an  ab  initio  effective  Hamiltonian  for  KNbOa  that  reproduces  the  low- 
energy  Born-Oppenheimer  surface.  Classical  molecular  dynamics  (MD)  simulations  yield  the 
observed  sequence  of  ferroelectric  phase  transitions.  The  transition  temperatures  are  lower  than 
experiment,  especially  for  the  higher  temperature  transitions.  Simulations  of  the  static  structure 
factor  reveal  features  consistent  with  chain-like  correlations  and  qualitatively  reproduce  diffuse 
X-ray  scattering  measurements.  The  calculated  dynamic  structure  factor  reveals  anharmonically 
stabilized  TO  vibrational  modes  that  soften  along  the  entire  T-Xline  in  the  Brillouin  zone,  as 
the  phase  transition  is  approached  from  above.  A  real-space  analysis  of  the  intercell  correlations 
of  the  soft-mode  coordinate,  unambiguously  establishes  the  long-lived  dynamic  character  of 
these  chain-like  structures. 

Keywords:  KNbOs;  phase  transition;  Brillouin  zone 


I.  INTRODUCTION 

A  recent  first-principles  linear-response  calculation  on  KNb03  revealed 
the  existence  of  unstable  lattice  distortions  over  large  regions  of  the 
Brillouin  zone  (BZ).  The  regions  of  instability  were  three  mutually 
perpendicular  interpenetrating  slabs  centered  at  T,  perpendicular  to  the 
cubic  axes,  and  extending  to  the  BZ  boundaries.  These  large  two- 
dimensional  regions  in  reciprocal  space  allowed  us  to  deduce  the  existence 
of  a  real-space  chain-like  instability  in  KNbOs  Based  on  the  transverse 
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polarization  of  the  unstable  modes,  the  real-space  chains  must  be 
perpendicular  to  these  slabs.  In  other  words,  the  chain-like  character  arises 
from  the  fact  that  the  components  of  the  atomic  displacements  along  the 
chain  direction  are  correlated,  while  those  perpendicular  to  the  chain 
direction  are  uncorrelated.  In  the  high-temperature  paraelectric  phase, 
displacements  on  adjacent  chains  are  uncorrelated,  i.e.,  adjacent  chains  are 
randomly  oriented.  A  scenario  was  proposed  of  sequential  freezing  out  or 
onset  of  coherence  of  these  instabilities,  which  could  qualitatively  explain 
the  sequence  of  observed  temperature-dependent  ferroelectric  phases.  Given 
the  very  similar  ferroelectric  phases  of  BaTiOs,  we  suggested  that  this  chain¬ 
like  instability  should  also  be  found  in  BaTiOg.  Ghosez  et  al  subsequently 
confirmed  this.  By  contrast  with  KNbOa  and  BaTi03,  a  similar  linear 
response  study  of  cubic  SrTi03  revealed  a  greatly  reduced  phase  space  for 
the  ferroelectric  instability  and  a  competing  antiferrodistortive  instability 
that  extends  along  the  entire  R-M-R  line  in  the  BZ.  This  is  consistent  with 
the  fact  that  no  ferroelectric  phases  have  been  observed  in  SrTi03  down  to 
the  lowest  temperatures  measured.  Again,  the  fact  that  the  antiferrodistor¬ 
tive  instability  extends  over  large  regions  of  BZ  suggests  that  a  real  space 
picture  of  local  distortions  may  be  more  appropriate. 

There  are  also  many  experimental  indications  in  perovskite  ferroelectrics 
that  the  actual  atomic  structure  may  be  significantly  different  locally  than  is 
indicated  by  the  average  crystallographic  structure  deduced  from  elastic 
X-ray  and  neutron  scattering.  Perhaps  the  earliest  evidence  is  from  the 
diffuse  X-ray  scattering  measurements  of  Comes  et  al  who  interpreted 
temperature-dependent  streak  patterns  in  terms  of  precursor  short-range 
order  in  the  form  of  static  chains  of  distorted  primitive  cells  along  [100] 
directions.  Observations  of  quasi-elastic  central  peaks  in  neutron  scattering 

and  Raman  spectroscopy  above  the  phase  transition  temperature  were 
also  indicative  of  preformed  clusters  of  the  low  temperature  phase.  More 
recently,  pair  distribution  functions  obtained  from  neutron  scattering 
measurements  up  to  very  high  momentum  transfers  and  XAFS 
measurements  indicate  the  presence  of  short-range  order. 

While  first-principles  calculations  have  provided  a  great  deal  of 
information,  they  are  limited  to  zero  temperature  and  to  relatively  small 
simulation  cells.  It  is  possible  to  extend  the  reach  of  the  first-principles 
results  through  the  use  of  ab  initio  effective  Hamiltonians,  /feff  These 

Hamiltonians  are  constructed  by  removing  the  inessential  degrees  of 
freedom,  and  they  reproduce  the  low-energy  Born-Oppenheimer  surface 
as  determined  by  the  first-principles  results.  Using  a  database  of  first- 
principles  total-energy  and  linear  response  calculations,  the  important 


PRECURSOR  STRUCTURES  IN  FERROELECTRICS 


135 


degrees  of  freedom  can  be  obtained  (these  are  essentially  the  local  soft-mode 
coordinates)  and  then  the  parameters  of  //gfr  can  be  fitted. 

In  order  to  further  study  the  local  character  of  the  ferroelectric 
instabilities,  we  have  constructed  such  an  for  KNbOs  and  performed 
classical  molecular  dynamics  (MD)  simulations  as  a  function  of  tempera¬ 
ture.  The  rest  of  the  paper  is  organized  as  follows.  The  methodology  is 
briefly  described  in  Section  II,  results  and  discussion  are  presented  in  Section 
III,  and  conclusions  are  given  in  Section  IV. 


11.  METHOD 

We  constructed  using  the  the  lattice-Wannier-function  formulation  of 
Rabe  and  Waghmare.  Details  of  the  construction  are  presented  elsewhere 
and  we  give  only  a  brief  description  here.  The  effective  Hamiltonian 
subspace  is  defined  using  a  basis  of  localized  and  symmetrized  atomic 
displacement  patterns,  called  lattice  Wannier  functions,  which  are  con¬ 
structed  to  reproduce  the  LAPW  linear  response  results  of  the  unstable 
transverse  optic  phonon  eigenvectors  and  frequencies  (the  “soft  modes”)  at 
various  points  in  the  BZ,  including  the  unstable  polar  Tis  phonon.  For 
KNb03,  there  is  one  vector  lattice  Wannier  function  per  unit  cell, 
representing  a  great  reduction  from  the  15  ionic  degrees  of  freedom 
associated  with  every  unit  cell  in  the  perovskite  ABO3  structure. 

In  addition  to  these  degrees  of  freedom,  there  is  also  a  homogeneous 
strain  tensor,  which  allows  the  volume  and  shape  of  the  simulation  cell  to 
change  during  MD  runs.  Schematically,  the  following  terms  are  contained  in 


H,^  =  K.E.  +  U,  (1) 

where 

U=  Uon  -site  T  f^short-range  T  f^dipolar  T  f^soft- mode- strain  +  f^elastic-  (2) 

Anharmonic  terms  are  contained  only  in  the  on-site  interaction  C/on-site  and 
the  soft-mode-strain  coupling  C/soft-mode-strain-  The  former  is  given  by 

C/o„.si,e  =  ««?  +  «$?+  +  ■■■).  (3) 

where  Oi  =  x,y,z,  is  the  amplitude  of  the  local  soft-mode  coordinate  on 
primitive  cell  L  C/soft-mode-strain  is  linear  in  the  strain  and  quadratic  in  the  soft- 
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mode  coordinates.  Strain  coupling  is  crucial  in  obtaining  the  correct 
sequence  of  observed  ferroelectric  phase  transitions  The  remaining 
terms  contain  only  harmonic  terms.  For  example,  the  short-range  interac¬ 
tions  are  given  by 

f^short- range  =  E  a,0^i,ce^j,P‘  (4) 

ij,  o:,0 

The  long-range  dipolar  interactions  f/dipoiar  depend  on  the  classical  potential 
between  dipoles,  where  the  dipole  moments  are  given  by  the  mode  effective 
charge  times  the  soft-mode  amplitude,  screened  by  the  dielectric  constant: 

C^dipolar  —  )  / ^oo  /  ^  „3  5 


where  the  mode  effective  charge  Z*  is  given  by  the  sum  of  Born  effective 
charges  of  the  individual  atoms  in  the  unit  cell  weighted  by  the  coefficient  of 
the  soft-mode  eigenvector: 

Z*  =  e^Zt  +  +  eo.Z^,,  +  €Oj_Zq  .  (6) 


The  short  range  parameters  are  fitted  using  the  first-principles  soft- 

mode  eigenvectors  and  frequencies.  The  anharmonic  parameters  including 
the  strain  coupling  were  determined  by  fits  to  total-energy  calculations  as  a 
function  of  strain  and  T  point  soft-mode  amplitude  along  the  (100),  (110) 
and  (111)  directions. 

Using  Heff,  molecular  dynamics  simulations  were  carried  out  for  a 
10x10x10  simulation  cell  containing  1000  primitive  unit  cells  with  periodic 
boundary  conditions.  Simulation  cells  of  this  size  were  found  to  be  adequate 
in  previous  Monte  Carlo  calculations  for  BaTiOa  A  variable  cell  shape 
formalism  was  used  together  with  Nose-Hoover  thermostats  to  equilibrate 
the  MD  runs  at  constant  temperature  After  equilibration,  and  prior  to 
computing  the  static  and  dynamic  structure  factors,  the  thermostats  were 
turned  off  and  the  cell  shape  and  volume  were  kept  fixed.  Further 
equilibration  (constant-energy  MD)  generally  caused  the  temperature  to 
change  by  about  5K.  After  this  last  equilibration,  MD  runs  of  typically 
20000  time  steps  (each  time  step  ~  1  femptosecond)  were  performed,  writing 
all  the  every  10  time  steps  to  a  file.  The  static  and  dynamic  structure 
factors  were  then  computed  Due  to  the  use  of  periodic  boundary 
conditions  with  the  10 x  1  Ox  10  simulation  cell,  the  structure  factor  and  other 
wave  vector  dependent  quantities  can  be  calculated  only  for  wavevectors 


PRECURSOR  STRUCTURES  IN  FERROELECTRICS 


137 


^  =  (27r/10fl)  («i,  n2,  «3),  where  a  is  the  cubic  lattice  parameter  and  are 
integers.  For  example,  the  sructure  factor  along  the  (100)  direction  could 
only  be  calculated  at  reduced  wavevectors  (fl/27r)^^=  [0.1,  0.2,  0.3,  0.4,  0.5]. 

As  a  test  of  the  MD  method,  we  applied  it  to  the  effective  Hamiltonian 
previously  constructed  by  Zhong  et  al  for  BaTiOs  and  obtained  excellent 
agreement  with  the  sequence  of  phase  transitions  and  transition  tempera¬ 
tures  they  obtained  using  Monte  Carlo  simulations. 


III.  RESULTS  AND  DISCUSSION 

The  different  structural  phases  are  identified  in  the  MD  simulations  by 
calculating  the  three  components  of  the  order-parameter  defined  as  an 
average  over  all  the  local  soft-mode  amplitudes: 


«a  =  (l/A^)5Z^<>.  (7) 

i 

where  the  a  =  x^  y,  z  denotes  the  three  Cartesian  components  of  the  order 
parameter,  and  is  expressed  in  units  of  the  lattice  parameter.  This 
average  is  calculated  at  each  time  step  in  the  simulation  and  plotted  for 
KNbOs  at  400  K  in  Figure  la.  The  time  average  of  all  three  components  of 
the  order  parameter  is  zero  at  400  K,  indicating  that  the  system  is  in  the 
cubic  paraelectric  phase.  At  350  K,  Figure  lb,  one  of  the  components  of  the 
order  freezes  out  and  fluctuates  about  an  average  value  of  about  0.014. 
The  time  average  of  the  other  two  components  is  still  zero,  indicating  that 
the  system  is  in  the  tetragonal  phase.  Note  that  the  fluctuations  of  the 
condensed  components  are  much  smaller  than  those  of  the  uncondensed 
components.  Figures  Ic  and  Id  indicate  the  subsequent  freezing  out  of  the 
other  components  of  the  order  parameter  in  the  orthorhombic  and 
rhombohedral  phases,  respectively.  We  obtained  similar  results  from  MD 
simulations  on  BaTi03  using  the  effective  Hamiltonian  constructed  by 
Zhong  et  al  Note  that  in  the  plots  of  the  uncondensed  order  parameters 
there  are  rather  large  and  long-lived  excursions  from  the  average  value. 
These  are  present  well  away  from  the  transition  temperatures,  and  we 
associate  them  with  the  motion  of  chain-like  structures.  We  will  return  to 
this  important  point  later. 

The  order  parameters  are  monitored  as  the  system  is  cooled  (or  heated) 
and  the  transition  temperatures  are  thus  identified.  Upon  cooling  the 
transition  temperatures  tend  to  be  about  10  K  lower  than  those  found  upon 
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heating.  The  tetragonal-cubic  transition  is  about  the  same  for  heating  or 
cooling.  The  transition  temperatures,  T^’s,  are  presented  in  Table  I.  The  MD 
values  are  an  average  of  the  cooling  and  heating  runs,  and  we  estimate  the 
error  in  these  numbers  to  be  about  5-lOK.  As  mentioned,  we  also 
calculated  the  T^’s  for  BaTiOs,  and  these  are  also  shown  and  compared  with 
experiment  and  the  Monte  Carlo  results  of  Zhong  et  The  calculated 

Tc  for  the  cubic-tetragonal  transition  is  greatly  underestimated  in  both 
materials,  and  the  error  is  considerably  larger  in  KNbOs.  T^’s  for  the  R-O 
and  O-T  are  in  better  agreement,  with  the  R-O  agreement  being  the  best. 

There  are  several  possible  reasons  for  this.  The  effective  Hamiltonians 
retain  only  the  lowest  energy  degrees  of  freedom.  At  higher  temperatures  the 
higher-energy  vibrational  modes  may  have  significant  interactions  with  the 
soft-modes  degrees  of  freedom  that  could  affect  the  temperature  at  which 
the  transition  occurs.  Since  the  transition  temperatures  are  higher  in 
KNbOa,  the  effect  could  be  larger  than  in  BaTiOa.  Another  possibility  is  the 
error  in  the  first-principles  calculations  of  the  low-energy  Born-Oppenhei- 
mer  surface.  For  example,  the  anharmonic  well-depths  are  only  0(1  mRy) 
and  are  very  sensitive  to  volume  and  strain.  Zhong  et  al.  determined  the 
parameters  of  in  BaTiOs  at  their  calculated  equilibrium  lattice 
parameter,  which  was  about  1%  too  small.  In  their  Monte  Carlo 
simulations,  they  imposed  a  negative  pressure  to  keep  the  volume  at  the 
experimental  value.  We  did  the  same  in  out  MD  simulations  using  their  //eff- 
In  our  first-principles  calculations  of  KNb03,  we  used  the  Wigner  exchange- 
correlation  potential,  which  tends  to  give  larger  lattice  parameters,  and  our 
equilibrium  lattice  parameter  is  essentially  identical  to  the  observed  value. 
We  thus  obtained  the  parameters  for  //gff  KNbOs  from  first-principles 
calculations  at  the  calculated  equilibrium  volume. 


TABLE  I  Comparison  of  calculated  and  measured  transition  temperatures  (see  text),  between 
the  rhombohedral  (R),  orthorhombic  (O),  tetragonal  (T)  and  cubic  (C)  phases.  Temperatures 
are  in  Kelvin 


R-O 

O-T 

T-C 

BaTiO^ 

MD 

200 

230 

290 

MC“ 

197 

230 

290 

Exper.*^ 

183 

278 

403 

KNbO, 

MD 

210 

260 

370 

Exper.^ 

210-265 

488 

701 

“Ref.  10. 

‘’From  Ref  10. 

‘’See  for  example,  M.  D.  Fontana,  G.  Metrat,  J.  L.  Servoin  and  F.  Gervais,  J.  Phys.,  C  16,  483  (1984). 
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In  our  initially  constructed  KNbOa  i/eff  we  observed  a  very  broad  direct 
transition  from  the  cubic  to  the  rhombohedral  phase.  We  were  not  able  to 
obtain  the  tetragonal  or  orthorhombic  phases.  We  then  recalculated  the  an- 
harmonic  well-depths  using  the  local-orbital  LAPW  method  (LO-LAPW) 
which  has  greater  variational  freedom  than  the  standard  method  in 
materials  that  have  valence  electron  states  spanning  two  principal  quantum 
numbers  with  the  same  orbital  angular  momentum.  In  KNbOs,  the  Nb 
states  fall  into  this  category.  Specifically,  the  electronic  wavefunctions 
expanded  about  the  Nb  site  have  /  =  1  angular  momentum  components 
arising  from  both  the  relatively  loosely  bound  Nb(4/7)  core  states  and 
'Nb(4d)  —  0(2/?)  bonding  contributions.  Unlike  the  tightly  bound  core  state, 
the  Nb(4/7 )  state  must  be  treated  variationally  along  with  the  other  valence 
states.  In  the  conventional  LAPW  method,  the  variational  basis  is  limited  in 
this  regard.  In  the  LO-LAPW  method,  extra  local  orbitals  provide 
additional  variational  freedom.  These  extra  orbitals  are  strictly  localized 
within  the  muffin-tin  sphere  of  the  relevant  atoms.  Using  this  method,  the 
calculated  well  depths  changed  by  about  0.2  mRy,  significantly  affecting 
some  of  the  parameters  such  as  soft-mode-strain  coupling.  With  these  new 
parameters  we  obtained  the  results  reported  here. 

Turning  to  the  temperature  dependent  soft-mode  vibrational  frequencies. 
Figures  2(a-c)  present  the  dynamical  structure  factor  S(q,  uS),  calculated  for 
KNbOs  along  [100]  directions  “at  the  reduced  wavevectors  {ajl  tt)  qx~  [0.1, 
0.2,  0.3, 0.4,  0.5].  S{q,  lo)  can  be  measured  by  inelastic  neutron  scattering,  and 
well-defined  peaks  in  S{q,  uS)  correspond  to  one-phonon  absorption  or 
emission  processes  from  phonons  with  long  lifetimes.  Multiphonon 
processes  and  heavily  damped  phonons  contribute  to  the  continuum. 
Several  features  are  worth  noting  in  these  figures.  The  higher  lying  LO 
branch  dispersing  downwards  from  about  20  THz  at  ^  =  0. 1  to  about  16  THz 
at  ^  —  0.5  is  relatively  insensitive  to  temperature.  The  electric-fields  arising 
from  the  long-range  dipolar  terms  in  are  responsible  for  the  appearance 
of  this  LO  branch  split-off  from  the  soft-mode  TO  branch.  This  cannot  be 
directly  compared  with  the  first-principles  LO  branches  or  with  experiment, 
because  only  the  soft-mode  TO  branch  in  the  first-principles  calculations 
was  fit  in  constructing  //gff-  It  would  be  necessary  to  add  extra  degrees  of 
freedom  to  //gff  to  adequately  represent  these  high-frequency  branches.  In 
addition,  the  use  of  the  theoretically  determined  LDA  dielectric  constant 
(which  is  typically  10-20%  too  large)  will  also  affect  the  comparison  with 
experiment.  Nevertheless,  the  frequency  of  the  LO  branch  has  the  right 
order  of  magnitude  compared  with  the  first-principles  calculations  and 
experiment.  For  example,  the  highest  LO  first-principles  phonon  at  T  has  a 
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FIGURE  2  (Continued). 


frequency  of  22.5  THz,  only  about  2  THz  higher  than  in  Figure  2.  However, 
in  the  first-principles  calculation  this  branch  disperses  slightly  upward 
towards  the  X  point,  whereas  in  Figure  2  it  disperses  downward. 

One  striking  feature  in  these  figures  is  that  the  entire  TO  branch  (there  are 
actually  two  degenerate  TO  branches  in  the  figure)  softens  by  about  2  THz 
on  cooling  from  1000  K  to  400  K.  This  is  very  different  from  the  usual  soft- 
mode  picture,  in  which  softening  occurs  only  in  the  vicinity  of  the 
wave  vector  associated  with  the  structural  phase  transition.  Thus,  in  KNb03 
one  might  have  expected  such  softening  to  be  limited  to  the  immediate 
vicinity  of  the  T  (^  =  0)  point.  Instead  the  entire  branch  softens.  This  is 
completely  consistent  with  the  first-principles  LAPW  linear  response  results 
previously  obtained  by  Yu  and  Krakauer^^^,  This  revealed  regions  of 
instability  in  the  BZ  described  by  three  mutually  perpendicular  interpene¬ 
trating  slabs  centered  at  T,  perpendicular  to  the  cubic  axes,  and  extending  to 
the  BZ  boundaries.  The  first-principles  unstable  TO  mode  is  seen  in  Yu  and 
Krakauer  to  also  disperse  slightly  upwards  in  frequency  from  T  to  the  X 
point,  consistent  with  what  is  found  here.  In  these  figures  the  harmonically 
unstable  first-principles  TO  branch  is  anharmonically  stabilized.  As 
expected,  this  anharmonic  stabilization  is  very  temperature  dependent. 
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Upon  further  cooling  to  the  tetragonal  phase  (not  shown),  one  of  the  TO 
branches  subsequently  hardens.  To  be  precise  about  this,  the  wavevector 
should  be  specified.  If  the  c-axis  of  the  tetragonal  phase  is  the  z-axis,  then  for 
say  ^  =  (100),  the  TO  mode  with  polarization  along  (010)  remains  soft, 
while  the  TO  mode  with  polarization  along  (010)  hardens.  For  q=  (001),  by 
contrast,  both  TO  modes  remain  soft  in  the  tetragonal  phase.  This  can  be 
made  more  clear  by  examining  instead  S{q,  u;)  in  the  orthorhombic  phase. 
Figure  2c.  For  the  MD  simulation  corresponding  to  this  figure,  the 
condensed  order  parameters  are  Ry  and  R^,  while  R^  is  uncondensed.  The 
wavevector  in  this  figure  is  along  the  (001)  direction,  so  that  one  of  the  TO 
modes  has  hardened  (the  one  polarized  along  (010))  and  other  remains  soft 
(the  one  polarized  along  (100)).  Again,  it  is  the  entire  branch  that  softens  or 
hardens. 

The  temperature  dependence  of  the  soft-mode  dispersion  in  KNb03  is 
shown  in  Figure  3  and  compared  with  the  798  K  cubic  phase  inelastic 
neutron  scattering  measurement  of  Holma  and  Chen  0^1.  The  experimental 
data  is  taken  about  100  K  above  the  cubic-tetragonal  phase  transition.  The 
400  K  MD  results  are  30  K  above  the  calculated  transition  temperature.  The 
agreement  is  good  below  q  ~  0.2,  with  the  theoretical  TO  branch  showing 
greater  dispersion  for  larger  q.  Holma  and  Chen  state,  however,  that  this 
branch  was  very  difficult  to  measure,  the  corresponding  peak  being 
unusually  broad.  They  ascribed  this  broadening  to  anharmonic  effects. 
Given  this  uncertainty  in  the  position  of  the  experimental  peak,  the 
agreement  in  Figure  3  is  satisfactory.  At  higher  temperatures  in  the  MD 
simulations,  the  entire  TO  mode  hardens,  as  shown  by  the  curve  labelled 
1000  K  in  Figure  3.  This  is  a  consequence  of  large  on  site  anharmonic  terms 
in  the  effective  Hamiltonian.  Qualitatively  speaking,  at  higher  temperatures, 
the  larger  vibrational  amplitudes  cause  the  system  to  more  strongly  sample 
the  repulsive  regions  of  the  potential.  By  contrast,  in  the  ground  state 
rhombohedral  phase  (the  curve  labelled  150  K),  the  system  is  sampling  the 
regions  near  the  bottom  of  the  double-well  potential,  and  the  TO  mode 
frequency  then  reflects  the  curvature  at  this  minimum.  This  results  in  a 
hardening  of  the  condensed  TO  mode  upon  cooling  below  the  transition 
temperature.  This  can  also  be  seen  in  Figure  2c,  where  one  of  the  TO  modes 
has  hardened,  corresponding  to  a  condensed  component  of  the  order 
parameter. 

In  Figure  4  we  show  the  excellent  agreement  between  the  measured 
transverse  acoustic  branch  and  our  linear  response  calculation 
Although  not  directly  related  to  the  MD  results  presented  here  [The  acoustic 
modes  are  approximately  included  in  //gfr  only  through  the  Usoft-mode-strain 


FIGURE  3  Comparison  of  the  soft-mode  dispersion  along  the  [100]  direction.  Filled  circles 
are  neutron  scattering  data  from  Ref.  15  in  the  cubic  phase  of  KNbOs  at  789  K.  Open  circles  are 
the  MD  simulations  at  the  temperatures  indicated.  In  the  MD  results,  the  system  is  in  the  cubic 
phase  at  400  and  1000  K  and  in  the  rhombohedral  phase  at  150  K. 


FIGURE  4  Comparison  of  the  TA  accoustic  branch  along  the  [100]  direction.  Filled  circles 
are  neutron  scattering  data  from  Ref.  15  in  the  cubic  phase  of  KNbOs  at  798  K.  Open  circles  are 
first-principles  linear  response  results  from  Ref.l. 
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and  C/eiastic  terms  in  Equation  (2).],  the  good  agreement  here  further 
supports  the  reliability  of  the  first-principles  calculations  used  to  construct 

//eff- 

In  view  of  the  fact  that  an  entire  phonon  branch  softens/hardens,  i.e.,  the 
softening/hardening  occurs  simultaneously  over  large  regions  of  the  BZ,  it  is 
more  illuminating  to  think  about  the  mode  softening  in  real-space,  rather 
than  in  reciprocal  space.  To  investigate  the  real-space  character  of  the 
ferroelectric  instability,  we  first  calculate  the  static  structure  factor.  Figure  5 
reproduces  the  experimentally  measured  intensity  from  Figure  6  in  Comes 
et  al.  corresponding  to  monochromatic  Mo  Ka  radiation.  Similar 
intensities  are  observed  for  BaTiOs  Figures  6a -6d  present  simulated  diffuse 
elastic  X-ray  scattering  intensities  in  BaTi03.  These  were  calculated  from  the 
static  structure  factor,  S{q),  determined  from  MD  simulations  using  //eff 
from  Zhong  et  al.  Similar  behavior  is  found  in  KNbOs  for  selected  {qy^ 


ie)  W 


FIGURE  5  Measured  diffuse  X-ray  scattering  in  KNbOs,  corresponding  to  monochromatic 
Mo  Ka  (taken  from  Ref.  5).  a)  cubic,  b)  tetragonal,  c)  orthorhombic,  and  d)  rhombohedrai 
phase. 
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constant)  lines  in  the  plane  of  this  figure,  but  we  have  not  yet  calculated  the 
entire  X-ray  scattering  image  in  this  case.  The  plane  of  the  figure  is 
perpendicular  to  a  cubic  axis  and  to  the  incident  X-ray.  In  Figure  6,  the 
horizontal  and  vertical  scales  (-5  to  5)  are  in  units  of  the  distance  between 
the  crystal  sample  and  the  (simulated)  recording  film.  The  maximum  value 
of  5  corresponds  to  a  scattering  angle  of  78.7°,  which  is  about  twice  as  large 
as  is  observed  experimentally.  Due  to  the  finite  size  simulation  cell,  which 
obscures  some  of  the  vertical  and  horizontal  streaks  at  small  scattering 
angle,  we  used  the  larger  maximum  scattering  angle  to  more  clearly  bring 
out  the  streak  patterns. 


-2.5 


Cubic  Phase 


-5.0 
-5.0 

(a) 


-2.5 


FIGURE  6  Calculated  diffuse  X-ray  scattering  in  BaTiOs,  corresponding  to  monochromatic 
MoKa  (see  text.)  The  plane  of  the  figure  is  perpendicular  to  a  cubic  axis  and  to  the  incident 
X-ray.  a)  cubic,  b)  tetragonal,  c)  orthorhombic,  and  d)  rhombohedral  phase. 
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Tetragonal  Phase 
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FIGURE  6  (Continued). 


At  this  semi-quantitative  level  of  comparison,  the  agreement  is  excellent, 
and  all  of  the  essential  experimental  features  in  Figure  5  are  reproduced  in 
Figures  6(a-d).  The  position  and  shape  of  these  streak  patterns  agrees 
quantitatively  with  the  experiment  and,  as  noted  by  Comes  et  al.  can  be 
explained  by  scattering  from  disordered  finite-length  static  chains  of 
distorted  primitive  cells.  As  the  crystal  is  cooled  from  the  cubic  to  tetragonal 
phase,  the  circular  streak  patterns  are  seen  to  disappear,  while  the  vertical 
and  horizontal  streaks  remain.  Upon  further  cooling  to  the  orthorhombic 
phase,  the  vertical  streaks  disappear,  and  finally  upon  cooling  to  the  ground 
state  rhombohedral  phase  the  horizontal  streaks  disappear  as  well. 
Corresponding  to  this  figure,  Comes  et  al.  proposed  an  empirical  model  in 
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Orthorhombic  Phase 
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FIGURE  6  (Continued). 


which  there  is  sequential  ordering  of  chains  directed  along  the  z-axis 
(perpendicular  to  the  plane  of  the  figure)  upon  cooling  from  the  cubic  to 
tetragonal  phase.  The  ordering  of  the  z-axis  chains  corresponds  to  the 
disappearence  of  the  incoherent  scattering  (circular  streaks)  due  to 
randomly  oriented  z-chains.  Subsequent  ordering  of  the  x-axis  and  y~a.xis 
chains  corresponds  to  entering  the  orthorhombic  and  rhombohedral  phases, 
with  all  the  chains  being  ordered  in  the  ground  state  rhombohedral  phase. 
The  ordering  of  the  x-axis  and  y'-axis  chains  corresponds  to  disappearance 
of  the  vertical  and  horizontal  streak  patterns,  respectively.  This  sequence  of 
events  is  also  reflected  in  the  sequential  freezing  of  the  order  parameter 
components  shown  in  Figure  1.  Experimentally,  the  diffuse  X-ray  streaks 
are  observed  to  have  very  weak  temperature  dependence  within  a  given 
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Rhombohedral  Phase 
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FIGURE  6  (Continued). 


phase.  MD  calculations  of  S{q)  at  wavevectors  corresponding  to  the  diffuse 
scattering  also  show  weak  temperature  dependence.  We  return  to  this 
observation  later. 

The  linear  response  calculations  of  Yu  and  Krakauer  on  KNb03  were 
first  ab  initio  calculations  to  support  the  empirical  chain  model  of  Comes 
et  al  by  showing  the  existence  of  BZ  planar  instabilities.  The  MD  simulated 
X-ray  scattering  in  Figure  6  shows  that  this  planar  instability  does  in  fact 
lead  to  the  observed  X-ray  diffuse  streak  patterns  further  supporting  the 
existence  of  disordered  chains.  The  question  of  whether  these  chains  are 
static  or  dynamic,  however,  still  remains  to  be  addressed. 

An  alternative  view  was  suggested  by  Hiiller  who  proposed  that  a 
dynamic  chain  structure  could  also  explain  the  diffuse  X-ray  scattering. 
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Evidence  for  this  comes  from  recent  high-resolution  X-ray  measurements  by 
Holma  et  al  Hiiller  proposed  an  empirical  model  with  a  low  frequency 
TO  branch  with  flat  dispersion  along  (100)  directions  that  could  account  for 
this  type  of  dynamic  scattering.  His  model  is  supported  by  the  first- 
principles  linear  response  calculations  which  showed  this  type  of 
anisotropic  dispersion  of  the  TO  soft-mode  and  by  the  observed  and  MD 
calculated  soft-mode  TO  dispersion  shown  in  Figure  3. 

Using  our  molecular  dynamics  simulations,  we  can  resolve  the  issue  of 
whether  the  chains  are  static  or  dynamic.  Figure  7  shows  the  time 
dependence  of  the  soft-mode  coordinates  in  the  orthorhombic  (230  K) 
phase  of  KNbOs,  for  six  (/,  0  ...  5)  adjacent  primitive  cells  along  the  x- 
direction.  In  this  run,  the  order  parameters  Ry  and  are  condensed,  but  the 
average  value  of  R^  is  zero,  corresponding  to  disordered  chains  along  the  x- 
direction.  Chain-like  correlations  are  evident  in  the  correlated  motion  of  the 
six  soft-mode  coordinates  as  a  function  of  time  in  this  figure.  [Due  to  the  use 
of  periodic  boundary  conditions  in  the  10x10x10  simulation  cell,  a 
maximum  of  six  atoms  in  a  row  are  unique,  the  seventh  being  equivalent 


Time  (x  1  e-14  sec) 


FIGURE  7  Time  dependence  of  the  soft-mode  coordinates  in  the  orthorhombic  (230  K) 
phase  of  KNbOs,  for  six  (/  =  0 ...  5)  adjacent  primitive  cells  along  the  x:-direction  (see  text). 
Chain-like  correlations  are  evident  in  the  correlated  motion  of  the  six  soft-mode  coordinates  as 
a  function  of  time. 
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to  the  one  at  -  4].  Inspection  of  this  figure  indicates  that  the  frequency 
corresponding  to  reversal  of  the  chain  direction  is  about  1  THz.  This  figure 
unambiguously  shows  1)  the  existence  in  real  space  of  chains  and  2)  the 
dynamic  character  of  the  chains.  Based  on  the  width  of  the  slab  like  regions 
of  instability  seen  in  the  linear  response  calculations  the  minimum  length 
of  these  chains  was  estimated  to  be  about  5  lattice  spacings.  This  is 
qualitatively  supported  by  the  present  MD  simulations.  We  will  need  to 
employ  larger  simulation  cells  to  investigate  the  linear  extent  of  the  chains 
and  to  better  quantify  these  correlations. 

As  expected  from  the  linear  response  calculations  the  y-components  of 
these  atoms  should  be  uncorrelated,  and  this  is  confirmed  in  Figure  8. 
Similarly  if  we  examine  the  soft-mode  coordinates  along  a  ;;-chain 
(condensed  in  the  orthorhombic  phase  in  this  simulation)  in  Figure  9,  there 
is  no  correlation.  Also  note  the  absence  of  long-lived  excursions  from  the 
average  in  Figures  8  and  9.  Such  long-lived  excursions  are  present  in  Figure  7 
and  result  from  the  relatively  small  chain  reversal  frequency.  We  can  also 
attribute  the  long-lived  excursions  of  the  uncondensed  order  parameters 
seen  in  Figure  1  to  the  low  frequency  associated  with  this  chain  motion. 


FIGURE  8  Time  dependence  of  the  soft-mode  coordinates  ^  in  the  orthorhombic  (230  K) 
phase  of  KNb03,  for  six  (?  =  0  ...  5)  adjacent  primitive  cells  along  the  x-direction  (see  text). 
There  is  no  correlation  of  the  j-components  along  the  (uncondensed)  x-chain. 
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FIGURE  9  Time  dependence  of  the  soft-mode  coordinates  y  in  the  orthorhombic  (230  K) 
phase  of  KNb03,  for  six  (/=  0  ...  5)  adjacent  primitive  cells  along  the  ^-direction  (see  text). 
There  is  no  correlation  of  the  >»-components  along  the  (condensed)  _y-chain. 
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FIGURE  10  Time  dependence  of  the  soft-mode  coordinates  jc  in  the  cubic  (390  K)  phase  of 
KNb03,  for  six  (/=  0  ...  5)  adjacent  primitive  cells  along  the  x:-direction  (see  text).  Chain-like 
correlations  are  evident  in  the  correlated  motion  of  the  six  soft-mode  coordinates  as  a  function 
of  time. 
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T=  1000  K  (Cubic) 


Time  (x  1  e-14  sec) 

FIGURE  1 1  Time  dependence  of  the  soft-mode  coordinates  ;c  in  the  cubic  (1000  K)  phase 
of  KNbOs,  for  six  {i=  0  ...  5)  adjacent  primitive  cells  along  the  x-direction  (see  text).  Chain¬ 
like  correlations  are  evident  in  the  correlated  motion  of  the  six  soft-mode  coordinates  as  a 
function  of  time. 

Figure  10  and  Figure  11  show  the  x-component  of  the  soft-mode 
coordinates  along  and  x-chain  in  the  cubic  phase.  The  chain  correlation  is 
still  evident  in  these  figures,  even  as  high  as  lOOOK.  While  the  chain-like 
structures  remain,  the  frequency  corresponding  to  reversal  of  the  chain 
direction  increases  as  a  function  of  temperature.  Since  the  X-ray  scattering  is 
essentially  instantaneous  with  respect  to  the  chain  motion,  however,  this 
accounts  for  the  relative  temperature  independence  of  the  diffuse  X-ray 
streak  patterns. 

IV.  CONCLUSIONS 

The  principal  conclusion  of  this  study  is  that  dynamic  low-frequency, 
~  0(1  THz),  chain-like  structures  are  precursors  of  the  ferroelectric  phase 
transitions  in  KNbOs  and  BaTiOs,  thus  definitively  ruling  out  static  chains. 
This  is  consistent  with  the  conclusions  of  Holma  et  al.  based  on  their 
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diffuse  X-ray  measurements.  The  MD  simulations  show  that  the  chains  are 
preformed  well  above  the  cubic- tetragonal  phase  transition  temperature. 
These  chains  are  defined  by  adjacent  rows  of  distorted  primitive  cells 
oriented  along  the  three  cubic  axes,  with  the  atomic  displacements  along  the 
chain  highly  correlated  with  one  other.  Displacements  in  different  chains  are 
uncorrelated  at  high  temperature.  The  observed  phase  transitions  corre¬ 
spond  to  the  sequential  freezing  or  onset  of  coherence  of  families  of  chains 
along  the  three  cubic  axes. 
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Ferroelectric  phase  transition  developing  in  a  random  field  of  static  defects  is  studied  by  the 
computer  simulation  method.  The  chosen  free  energy  provides  the  stability  of  the  ferroelectric 
phase  in  the  absence  of  defects.  The  simulation  model  takes  into  account  the  transformation- 
induced  strain  and  the  dipole- dipole  interaction.  It  is  shown  that  the  ferroelectric  transition  in 
a  random  field  produces  the  two-phase  thermoelastic  metastable  equilibrium  rather  than  the 
single-phase  ferroelectric  state.  The  metastable  state  is  a  dispersion  of  ferroelectric  clusters  in 
the  paraelectric  matrix.  The  clusters  formation  mechanism  is  discussed  in  terms  of  the 
percolation  theory.  Increase  in  the  transformation  driving  force  transforms  the  cluster 
dispersion  to  the  ferroelectric  macrodomain  state.  The  theoretical  prediction  of  comparatively 
stable  polar  clusters  in  the  paraelectric  matrix  in  relaxor  ferroelectrics  provides  an  additional 
footing  for  the  superparaelectric  origin  of  unusual  properties  of  the  relaxor  ferroelectrics. 

Keywords:  Relaxor  ferroelectric;  paraelectric  matrix;  clusters 


1.  INTRODUCTION 

Since  the  ferroelectric  transition  is  a  particular  case  of  the  displacive 
(martensitic)  transformation,  it  is  useful  to  review  some  important  recent 
results  obtained  for  the  displacive  transformations  and  see  a  relevance  of 
these  results  to  the  ferroelectric  transition.  The  displacive  transformations 
have  several  features  which  are  difficult  to  explain  in  terms  of  the 
conventional  thermodynamics  of  phase  transformations  and  which  usually 
are  not  observed  in  diffusional  transformations.  In  particular,  the  displacive 
transformation  produces  in  many  cases  the  two-phase  thermoelastic 
equilibrium.  In  the  thermoelastic  equilibrium,  the  retain  parent  phase 
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co-exists  with  a  product  phase,  the  volume  of  the  product  phase  being  a 
function  of  the  undercooling  temperature.  This  phenomenon  was  found  in 
both  elastically  constrained  materials,  such  as  polycrystals,  and  in  elastically 
unconstrained  single-crystals.  It  was  mostly  observed  in  metal  alloys  but 
recently  was  also  reported  for  PbTi03  ferroelectrics  Although  existence 
of  the  retain  phase  in  the  constrained  material  could  be  explained  by  the 
elastic  strain  contribution  to  the  free  energy  in  terms  of  the  conventional 
thermodynamics,  there  is  still  no  satisfactory  explanation  why  the 
equilibrium  two-phase  state  exists  in  an  unconstrained  single  crystal  (in 
the  latter  case  the  Gibbs  phase  rule  excludes  the  isobaric  two-phase 
equilibrium). 

Recently  observed  pre-transitional  behavior  is  the  second  group  of 
phenomena  which  is  also  hardly  explained  in  usual  terms  of  the 
conventional  phase  transformation  thermodynamics.  The  pre-transitional 
state  was  observed  in  Fe-32at%  /5-NiAl  alloys  V3Si'^^\  /3i- 

AgCd  and  other  martensitic  crystals  within  the  temperature  range  just 
above  the  temperature  Ms  of  the  conventional  martensitic  transformation 
producing  the  macroscopic  domains  of  the  martensitic  phase.  It  was 
observed  at  10°-100°C  above  Ms.  The  microstructure  of  the  pre- 
transitional  state  has  a  so-called  tweed  structure  where  structural  domains 
of  orientation  variants  of  the  product  phase  (sometimes  within  the  retain 
phase  matrix)  are  aligned  along  certain  crystallographic  directions.  In  the 
cubic^ tetragonal  transformation,  they  are  the  (110)  directions.  Lowering 
the  temperature  below  Ms,  results  in  transformation  of  the  tweed  structure 
to  the  conventional  single-phase  polytwinned  martensitic  state.  Thermo¬ 
dynamically,  the  pre-transitional  state  seems  to  be  stable  since  it  reversible 
reappears  upon  heating  and  cooling.  As  a  matter  of  fact,  the  transition  form 
the  pre-transitional  state  to  the  conventional  martensitic  state  is  the 
micro^macrodomain  transition.  It  is  interesting  to  note  that  the  structural 
states  similar  to  the  pre-transitional  states  were  also  observed  in  ferroelectric 
relaxors  PMN-PT  and  PLZT^^’ 

Back  in  1983,  Robertson  and  Wayman  proposed  an  idea  that  the  pre- 
transitional  state  can  be  associated  with  random  static  defects  which  are  the 
disordered  solute  atoms  or  antisite  defects.  Interaction  of  a  random  field 
generated  by  these  defects  with  a  displacive  mode,  in  principle,  may  change 
the  morphology  of  the  phase  transformation  and  even  its  thermodynamic 
behavior. 

The  theory  of  ordering  in  a  random  static  field  generated  by  static 
substitutional  defects  was  proposed  by  Semenovskaya  et  The 

computer  simulation  of  the  tetragonal^orthorhombic  phase  transforma- 
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tion  in  a  doped  high-temperature  superconducting  oxide  YBa2Cu306  +  A' 
demonstrated  that  the  combined  effect  of  the  randomly  distributed 
immobile  dopant  atoms  and  the  transformation-induced  misfit  strain  does 
produce  the  stable  tweed  state.  This  result  agrees  with  observations  of  the 
stable  tweed  in  YBa2  (Cu,  M)306  +  2r  where  M  =  Al,  Co,  Ni  Recently 

a  similar  result  was  obtained  by  Kartha  et  whose  computer  simulation 
of  the  proper  martensitic  transformation  in  a  random  static  Gaussian  field 
resulted  in  a  stable  tweed  state  with  the  spin-glass  features*. 

The  observed  non-trivial  effects  mentioned  above,  which  presumably  are 
associated  with  the  random  static  field  of  lattice  defects,  were  a  focus  of 
interest  of  many  researchers.  Since  the  ferroelectric  transformation  is  a 
particular  case  of  the  displacive  transformation,  there  is  no  reason  to  think  a 
random  static  field  of  the  lattice  defects  would  not  produce  similar  drastic 
structural  and  thermodynamic  changes.  Given  the  electric  nature  of 
ferroelectrics,  such  effects  may  have  very  interesting  and  non-trivial 
implications. 

The  relaxor  ferroelectrics  seem  to  give  an  example  of  the  ferroelectric  state 
whose  specific  features  are  associated  with  random  static  defects.  The 
relaxor  ferroelectrics  have  a  broad  maximum  of  the  dielectric  constant, 
sometimes  within  a  range  of  hundreds  degrees,  and  a  low  frequency 
hysteresis.  Macroscopically,  the  relaxors  have  the  symmetry  of  a  nonpolar 
phase,  i.e.  the  positions  of  X-ray  diffraction  maxima  correspond  to  the  high- 
symmetry  nonpolar  phase.  However  locally,  the  symmetry  corresponds  to 
that  of  the  polar  ferroelectric  phase  which  means  that  the  system  maintains 
local  polarization  up  to  comparatively  high  temperatures.  Another 
important  feature  is  that  these  materials  very  often  show  the  remarkably 
high  coefficients  of  the  electro-mechanical  coupling. 

There  is  a  consensus  that  unusual  physical  properties  of  the  relaxor 
ferroelectrics  are  associated  with  the  defects.  The  idea  that  the  relaxor 
behavior  of  the  ferroelectrics  is  caused  by  random  concentration  hetero¬ 
geneities  locally  affecting  the  transformation  point,  was  proposed  more  than 
three  decades  ago  by  Smolensky  after  his  discovery  of  the  relaxor 
ferroelectrics  Electron  microscopy  studies  of  Pb(Mg,Nb)03  (PMN) 
relaxor  by  Chen,  Chan  and  Harmer  have  shown  that  the  material  has 


*The  earlier  result^ where  the  stable  tweed  state  was  obtained  in  a  random  system  with  the 
infinte  elastic  anistropy  is  not  very  convincing.  The  infinite  elastic  anistropy  is  the  unrealistic 
assumption  which  is  equivalent  to  the  kinematic  constraint  that  the  resultant  morphology  is  a 
superposition  of  one-dimensional  modulations  along  the  (110)  directions.  Such  a  superposition, 
by  its  definition,  always  produces  the  tweed-like  morphology. 
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randomly  distributed  atomic  segregations  which  seem  to  be  associated  with 
concentration  heterogeneities  in  the  B  sublattice. 

A  “chemical”  short-range  order  (sro),  which  can  be  also  considered  as  a 
system  of  antiphase  ordered  domains  of  the  submicroscopic  size  (the  typical 
domain  size  is  of  the  order  of  interatomic  distances,  ~  0. 1  - 1  nm  size)  is  also 
a  source  of  a  random  static  field.  This  field  may  also  result  in  the  relaxor 
behavior^^^l  The  latter  conclusion  is  supported  by  the  fact  that  developing 
of  sro  into  the  long-range  order  (Iro),  which  is  characterized  by  large 
atomically  ordered  antiphase  domains,  transforms  the  relaxor  ferroelectric 
to  the  conventional  one. 

Electron  microscopic  studies  of  and  PLZT  ferroelectrics^^^’^^^ 

have  shown  that  the  microstructure  of  the  relaxor  material  is  formed  by 
polar  microdomains  in  the  paraelectric  matrix.  Although  cooling  of  the 
system  results  in  growing  of  the  polar  domains,  it  usually  does  not  transform 
the  ferroelectric/paraelectric  mixture  into  the  single-phase  ferroelectric  state. 
Only  the  application  of  the  external  electric  field  does^^^’  However,  there 
are  the  exceptions.  The  transition  of  the  two-phase  state,  stable  at  higher 
temperatures,  to  the  single-phase  state  in  the  hot-stage  TEM  observations 
was  reported  by  Dai,  DiGiovanni  and  Viehland and  Dai,  Xu  and 
Viehland^^^^  for  PZLT.  Lowering  the  temperature  results  in  growth  of 
ferroelectric  domains  and  their  rearrangement  into  the  tweed-like  pattern 
which  leads  to  losing  the  relaxor  properties.  Finally  at  low  temperature,  the 
material  becomes  a  conventional  single-phase  ferroelectric  whose  micro¬ 
structure  consists  of  normal  macroscopic  ferroelectric  domains.  Similar 
results  were  obtained  by  Xu  et  for  the  Ti-doped  PMN. 

These  TEM  data  actually  support  the  superparaelectric  mechanism 
proposed  by  Cross  to  explain  the  relaxor  properties  of  ferroelectrics. 
According  to  this  mechanism,  a  small  ferroelectric  cluster  behaves  as  a  large 
superferroelectric  dipole  moment,  flipping  between  different  directions.  This 
results  in  a  superparaelectric  effect  responsible  for  the  high  polarizability  of 
the  crystal  and  thus  for  very  high  values  of  the  dielectric  constant.  However, 
the  superparaelectric  effect  may  occur  only  if  the  polar  clusters  are  separated 
by  a  nonpolar  matrix.  What  this  theory  misses,  is  the  explanation  why  a 
mixture  of  the  paraelectric  phase  and  ferroelectric  clusters  is  stable  - 
according  to  the  conventional  thermodynamics,  the  two-phase  mixture 
should  transform  to  a  single-phase  ferroelectric  state  since  the  free  energy  of 
the  ferroelectric  phase  is  lower  than  that  of  the  paraelectric  matrix. 

It  is  the  purpose  of  this  study  to  investigate  the  effect  of  a  random  field  on  the 
ferroelectric  transformation,  with  expectation  that  the  random  field  does 
result  in  appearance  of  a  stable  two-phase  dispersion  of  ferroelectric  clusters 
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in  the  paraelectric  matrix,  similar  to  the  tweed-like  dispersion  observed  in  the 
pre-martensitic  state.  This  two-phase  coexistence  would  profoundly  alter  the 
dielectric,  electromechanic  and  transformation  properties  of  ferroelectrics. 
The  investigation  was  carried  out  by  the  computer  simulation  technique. 

To  perform  the  simulation,  we  have  to  formulate  a  model  which  takes 
into  account  the  interaction  of  the  transformation  mode  with  random  static 
defects,  the  transformation-induced  strain  caused  by  the  crystal  lattice  misfit 
and  the  dipole -dipole  interaction.  This  can  be  done  by  modification  of  our 
theory  of  coherent  diffusionless  and  coherent  diffusional  transformations 
with  the  transformation-induced  strain  in  an  ideal  crystal  The 

modification  was  recently  made  for  the  case  of  the  ferroelastic  transition 
in  the  random  field  of  static  defects  The  most  interesting  result  obtained 
in^^^^^  was  the  proof  that  under  certain  conditions  (strong  coupling  between 
the  defects  and  the  long-range  order  parameters  and  a  large  value  of  the 
strain  energy  generated  by  the  crystal  lattice  misfit)  the  displacive  transition 
produces  a  stable  two-phase  state  rather  than  the  single-phase  state  which 
would  be  formed  without  the  defects.  The  microstructure  of  the  two-phase 
state  is  a  dispersion  of  domains  of  orientation  variants  imbedded  into  the 
retain  phase  matrix.  Change  of  the  thermodynamic  parameters  affects  the 
volume  fraction  of  the  retain  phase. 

An  application  of  this  approach  to  the  ferroelectric  materials  with 
random  defects  is  straightforward  because  the  ferroelectric  transition  is  a 
particular  case  of  the  displacive  transformation.  This  application  requires 
the  extension  of  the  theory  by  incorporating  the  dipole -dipole 
interaction  and  the  interaction  of  dipoles  with  the  external  electric  field.  If 
the  ferroelectric  transition  in  random  ferroelectrics,  similarly  to  the 
ferroelastic  transition,  produces  a  stable  two-phase  state  with  clusters  of 
the  ferroelectric  phase  within  the  retain  paraelectric  phase,  these  clusters 
may  be  responsible  for  the  superparaelectric  effect. 


2.  MODEL 

We  consider  the  generic  model  of  the  cubic  tetragonal  coherent 
transformation.  The  transformation  does  not  affect  the  translational 
symmetry  of  the  crystal,  i.e.  the  irreducible  space  group  representation 
generating  the  phase  transformation  is  characterized  by  k  =  0.  For  simplicity 
we  assume  the  2-D  model  of  the  “square”^  “rectangular”  transition 
imitating  the  cubic  ^  tetragonal  transition  in  3-D.  We  assume  that  there  are 
two  components  of  the  displacements  on  the  coordinate  system  parallel  to 
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the  and  axes  of  the  paraelectric  cubic  phase,  r]i,  r?2.  They  are  the  Iro 
parameters.  The  dipole  moment  per  unit  cell  d  is  proportional  to  the 
displacements  and  thus  d  =  e*(7?i,  772)  where  e*  is  the  efficient  charge  of  the 
mode.  The  local  polarization,  which  is  the  dipole  moment  of  the  volume 
unit,  is  P(r)  =  (P,,  P2)  =  Po(’?i,  m)  where  Pi  =  Pot?i,  P2  =  Po»i2  are  the 
polarization  vector  components,  Po  is  the  equilibrium  polarization,  r  is  the 
coordinate  vector  of  a  point. 

A  typical  example  illustrating  such  a  system  is  the  ferroelectric  transition 
in  PbTiOs.  For  example,  a  displacement  of  Ti"^^  atoms  along  one  of  the 
(100)  directions  transforms  the  unit  cell  symmetry  from  the  cubic  to 
tetragonal  one  and  it  produces  the  dipole  moment  along  the  displacement 
direction  which  is  proportional  to  the  absolute  value  of  the  displacement. 


2.1.  Chemical  Free  Energy 

The  non-equilibrium  “chemical”  (stress-free)  free  energy  of  the  hetero¬ 
geneous  state  is  described  by  the  Landau  free  energy  functional 

fchem  =  j  +i/3(Vr?2)^  +/(m.  Vi)  (1) 

where  /?  is  a  positive  coefficient  at  the  gradient  terms,  V^-  =  {d/dri)  is  the 
differential  operator.  As  usual,  the  gradient  terms  in  (1)  provide  the  stability 
of  the  stable  and  metastable  homogeneous  states  against  infinitesimal 
heterogeneities  of  Iro  parameters.  The  “local”  chemical  free  energy /(?7i,  772) 
in  (1)  is  approximated  by  the  Landau  expansion  with  respect  to  the 
symmetry  invariants: 


fivwni)  =  2^\{v{r)] 


where  Ai,  A2,  A3  and  A4  are  the  material’s  constants  depending  on 
temperature  and  composition  of  the  system.  They  provide  a  quartet  of 
degenerated  minima  of  /(771,  772)  at  four  points  (771,  772)  =  ±  (rjo,  0)  and 
±(0,  770)  corresponding  to  two  orientation  variants  of  the  “rectangular” 
product  phase  and  two  antiphase  states  of  each  of  them,  distinguished  by 
signs.  To  describe  the  first-order  transition,  A2,  A3  and  A4  should  be 
positive.  If  A I  >0,  the  parent  phase  is  metastable.  Otherwise,  if  <0,  the 
parent  phase  is  unstable  with  respect  to  infinitesimal  fluctuations  of  Iro 
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parameters.  Introduction  of  randomly  distributed  defects,  in  general,  affects 
all  four  constants  Ai,  A2,  A3  and  A4.  However,  because  the  constant  Ai 
plays  an  especially  important  role,  its  defect-induced  dependence  on 
coordinates  is  the  most  significant.  Because  of  that  we  may  assume  that 
only  the  constant  Ai  has  the  coordinate  dependence  caused  by  interaction  of 
the  Iro  parameters  with  static  defects.  This  dependence  is  assumed  to  be 

Ai(r)  =A^i+bc(r)  (3) 

where  A^  is  the  constant  related  to  the  defect-free  crystal,  = 
a(T-  T^),  a  >  0  is  a  constant,  Tis  the  temperature,  is  the  temperature 
of  the  defect-free  crystal  below  which  the  metastable  parent  phase  loses  the 
stability  with  respect  to  infinitesimal  fluctuations  of  Iro  parameters,  c  (r)  is  a 
concentration  profile  describing  a  random  distribution  of  static  defects  (it  is 
not  affected  by  the  transformation),  b  is  the  coupling  coefficient  describing 
the  interaction  between  defects  and  the  transformation  modes  77^.  The 
coupling  constant  b  characterizes  the  effect  of  renormalization  of  the 
instability  tempertaure  by  the  defects.  It  is  determined  as 


b  = 


(4) 


where  c  is  the  average  concentration  of  defects,  T-  is  the  instability 
temperature  renormalized  by  the  defects.  According  to  Equation  (4),  the 
sharper  is  the  dependence  of  the  transition  temperature  on  the  defect  con¬ 
figuration,  the  greater  is  the  “strength”  of  defects  and  the  more  significant  is 
their  effect  on  the  phase  transformation.  We  consider  the  case  of  ^  >  0 
which  means  that  a  defect  locally  supresses  the  ferroelectric  transition  by 
increasing  the  local  free  energy  around  the  defect. 

In  this  study,  we  consider  the  case  of  the  first-order  transition  within  the 
temperature  range  T  <  Tq  where  Tq  is  the  equilibrium  temperature  of  the 
para  ferroelectric  transition  in  the  defect-free  crystal.  The  transformation 
driving  force  Af(T)  within  this  range  is  negative  (A/(T)  is  the  difference 
between  the  free  energy  of  the  equilibrium  ferroelctric  phase,  f(r]o,  0),  and 
the  free  energy  of  the  metastable/unstable  paraelectric  phase, /(0,0)).  There¬ 
fore,  in  the  absence  of  defects,  locally  supressing  the  transformation  {b  >  0), 
the  system  should  fully  transform  to  the  ferroelectric  state,  However,  it  is 
shown  in  this  study  that  the  ferroelectric  transition  does  not  necessary  go  to 
a  completion  in  the  presence  of  defects  with  b  >  0. 
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2.2.  Elastic  Energy 

Appearance  of  the  Iro  parameters  at  a  point  r  produces  the  stress-free  strain 
£  9.(r)  (the  transformation-induced  strain  characterizing  the  incompatibility 
of  the  transformed  and  parent  lattices).  The  stress-free  strain  is  responsible 
for  the  crystal  lattice  misfit.  As  follows  from  the  system  symmetry,  the  first 
non-vanishing  terms  of  the  expansion  of  the  stress-free  strain  in  a  Taylor 
series  with  respect  to  the  Iro  parameters  are  quadratic  and  have  a  form 

el{r)=ef{l)v{r)]  +  efi2)r,{r)l  (5) 

where  =  eo(i  |)  and  £^°(r)(2)  =  eo(o  ?)  are  the  constants  tensors, 

£o  is  the  value  of  the  transformation  shear.  Therefore,  the  stress-free  strain  is 
described  by  the  Iro  parameter  profiles  in  accordance  with  Equation  (5).  The 
coherency  strain  energy  caused  by  the  crystal  lattice  misfit  £:®(r)  contributes 
to  the  free  energy.  This  contribution  is  given  by  the  equation 


E  q\  —  Eq  +  -E  relax  (6) 

where 

p=l  q^\  J 

^ relax  ^  ~  2  ^  j  (27r)  ^  01k  (^) 

CyPi  is  the  elastic  modulus  tensor, 

=  /  vl(r)  exp(to)^ 

J  (27r) 

In  Equation  (8) 

5w(e)  =  (9) 

where  k  is  the  wave  vector  defined  in  the  reciprocal  space  and  e  =  k/A:, 
(j^.[p )  =  djki ef{p)  and  Q  (e)y  is  a  Green  function  tensor  which  is  inverse  to 
the  tensor  n(e)2^  =Cijkiekei.  In  Equations  (6)-(8),  the  contribution  of  a 
macroscopic  shape  relaxation  is  justified  if  a  system,  where  the  transforma¬ 
tion  occurs,  is  macroscopically  constrained.  The  latter  is  the  case  if  the 
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system  which  we  consider  is  just  a  single  grain  in  a  non-textured 
polycrystalline  sample.  If  the  system  is  not  constrained  (single-crystal 
sample  with  unloaded  boundaries),  i.e.  is  able  to  undergo  a  macroscopic 
shape  relaxation,  only  a  small  modification  of  Equation  (6)  is  required. 


2.3.  Dipole -Dipole  Interaction 

If  the  displacive  transformation  is  the  ferroelectric  transition,  the  displacive 
mode  77(r)  =  (7^(r)i,  77(r)2)  generates  the  polarization  P(r)  =  Por^(r).  The 
spatially  heterogeneous  polarization  P(r)  raises  the  dipole -dipole  interac¬ 
tion.  This  interaction  consists  of  two  terms,  the  dipole -dipole  interaction 
between  the  polarization  heterogeneities  within  the  sample  (interaction 
between  domains)  and  the  dipole  interaction  with  the  depolarization  field 
caused  by  the  surface  charges. 

To  calculate  the  energy  of  the  dipole -dipole  interaction  within  the 
sample,  the  polarization  on  the  external  boundary  is  assumed  to  be  zero 
(7ji^(rg,  t*)  =  0,rg  characterizes  a  point  on  the  boundary).  Then,  as  shown 
in^^^^,  the  Fourier  representation  of  the  dipole -dipole  interaction  energy  is 
determined  by  equation 


Ed-d  = 


j-  d^k 


*2 


2^Pl 


I 


d^k  I  k{iri(r,  g)}|^ 


{Vp(r,  t)}M,  OK 

|2 


(10) 


where  the  point  k  =  0  is  excluded  from  the  integration  and 

d^k 

{2^f 

To  take  into  account  the  polarization  on  the  external  surface  of  the 
sample,  we  have  considered  the  effect  of  the  surface  charges.  The  normal 
component  of  the  polarization  vector  P  (tg)  on  the  surface  of  the  sample 
generates  the  surface  charges  whose  density  is  P  (rg)<i  (dS  is  the  surface 
element).  These  charges  produce  the  depolarization  field,  which  is 
approximated  as  Fo(d{r]p)  where  /i  is  the  depolarization  factor,  (rip)  is  the 
spatial  average  of  the  Iro  parameter  rip.  This  approximation  is  valid  for  a 
macroscopically  homogeneous  system  of  ferroelectric  domains  whose  sizes 
are  much  smaller  than  the  system  size.  The  energy  contribution  caused  by 


=  J  np{t)  exp(ikr) 
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interaction  of  all  dipole  moments  with  the  depolarization  field  can  be 
presented  as 

-fi^depol  ~  0  ^  I  t)  d  r 

p^l  ^ 

The  interaction  of  the  dipole  moments  with  the  applied  electric  field  £  = 
{Eu  E2)  is 


p=2  o 

Eappi  —  0  ^p  I  Vp{^^^)d  r 

p=i 


2.4.  The  Stochastic  Field  Kinetic  Equation 

To  describe  the  temporal  evolution  of  the  mesoscopic  domain  micro¬ 
structure,  we  employ  the  Time- Dependent  Stochastic  Field  equation  which 
we  previously  used  This  equation  is 

+  p=l,2  (11) 

dt  t) 


where  ^^(r,  t)  is  a  random  noise  meeting  the  dissipation-fluctuation  theorem, 
t  is  time,  M  is  the  kinetic  coefficient.  The  total  free  energy  functional  F  in 
(11)  is  given  by  equation 

F=Fa,,^+E,x+Ei^,+liP'i^{'np)  j ri,(r,t)d^T-Po^Sp  [ Vp{r,t)ifr  (12) 

which  is  the  sum  of  the  “chemical”  free  energy  (1),  elastic  strain  energy  (6), 
the  electrostatic  energies  E'^i-^+Fdepoi  +  Fappi.  associated  with  the  polariza¬ 
tion  heterogeneity,  the  depolarization  field  and  with  the  external  electric 
field  E  (the  fifth  term  in  (12)). 

Taking  the  variational  derivative  of  (12)  in  (11)  gives  the  kinetic  equation 


dr}p{r,t)_ 


=-M  -/?A7ii;,(r,«)+|^+2)?;,(r,Oci/«e“(/>)^£“(?)»7,(r.O 


-2,?,(r,oi  I  ^5M(^){’??('-.')}uexp(lkr) 

+2nPlY^f-^^^Mr,t)}t,exp{ikr)+iJ,Pl(7]p)-PQ£p  +Cp(r,?) 

UJ  {2^)  *  J 


(13) 
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where  A  is  the  Laplacian.  The  further  simplification  of  the  Stochastic  Field 
Kinetic  Equation  (13)  can  be  achieved  by  using  the  isotropic  elasticity 
assumption.  However,  as  shown  in  this  work  and  previous  study  even 
with  this  simplification,  the  model  still  reproduces  the  main  features  of  the 
random  system. 

For  the  elastically  isotropic  continuum 

al(p)=cy„ef{p)  =  2Gef(p)  (14a) 

where  e  =  It/k  is  the  unit  vector  along  k,  Sy  is  the  Kronecker  symbol,  G  is  the 
shear  modulus  and  v  is  the  Poisson  ratio.  With  definition  of  the  tensors 
£*(/))  in  (5),  Equations  (14a)  and  (14b)  give  the  2x2  matrix  Bpg(e)  defined 
in  (9): 


^p<i  (®)  —  4G£  q 


2(1 -u) 


(15) 


With  (14a)  and  (15),  Equation  (13)  can  be  rewritten  in  the  dimensionless 
form 


<iVp(r‘,  t") 

dt* 


~<t,A;(r,p(r\n)+- 
±2(7ip(T\n[pj(f\f)-r,l(r\f)]T 


df* 

drjp 


T  2Crip{r  J_^  ^1  2(1  _  (^j  ^  ^2^2  J 


fU  exp(,-«r*) 

2  poo  p 
J —OO  J  — 


°°  /‘°o  ^  ^ 

I  exp(//.r*) 


9=1 


J-oo{2ttY 

+  A(M(7/^)-^;]+4(r%0 


(16) 


where  the  upper  and  the  bottom  signs  of  the  ±  and  =f  symbols  are  related  to 
the  indexes  p=\  and  p  =  2,  respectively,  and  the  definitions  e\=kilk  and 
e2  =  k2lk  are  used.  In  Equation  (16),  f  is  the  reduced  time  defined  as 
f==M\Af\t,  Af  is  the  transformation  driving  force,  r*  =  r/£  is  reduced 
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coordinate  vector,  I  is  the  length  of  an  increment  of  the  computational  grid, 
K  =  kiis  reduced  wave  vector,  =  {d^/dr'l^)  +  {d^/drl^)  is  the  Laplacian 
in  the  reduced  coordinates,  £*  =  SPq  is  the  reduced  external  electric  field, 
f )  =  ^p{r)/M\  A/ 1  is  the  reduced  noise. 


(f)  = 


I  A/I  ^2 


C-4 


|A/| 

Pq 

|A/| 


(17) 

(18) 
(19) 


are  the  dimensionless  constants.  The  parameter  0  characterizes  the  real 
lengthscale  of  our  simulation  because  it  depends  on  the  length  i  of  an 
increment  of  the  computational  grid.  The  parameter  C,  which  is  the  ratio  of 
the  typical  elastic  energy  to  the  transformation  driving  force  A/  determines 
the  contribution  of  the  strain  energy  to  the  transformation  kinetics  and 
thermodynamics.  The  parameter  A  characterizes  the  role  of  the  electrostatic 
dipole -dipole  interaction.  In  Equation  (16), 


=  t/i  +  aa  (»??  +  vl)  Vp  +  Mni  +  vl)\  (20) 

drip  \i^f\drip  <’ 

Comparing  (20)  with  the  definition  of/(ryi,  rii)  in  (2)  gives:  ^5!2  =  ^2/|A/|, 
fl3  =  ^3/|A/|,  fl4  =  ^4/|A/|.  The  definition  of  ^i(r*)  in  (3)  gives 

«i(C)  =  ^i(r*)/|A/l=«?  +  7c(r*)  (21) 

where  the  parameter  7, 


7  =  ^/1  A/I  (22) 

is  the  reduced  “strength”  of  the  defect  characterizing  the  strength  of  its 
interaction  with  the  Iro  parameters  r}p.  The  function  <3i(r*)  defined  by  (21)  is 
the  fixed  random  function  reflecting  the  location  of  defects.  All  new 
transformation  features,  associated  with  the  randomly  distributed  defects, 
actually  appear  due  to  the  random  term  a\{r*)r}p  in  (20).  It  enters  Equation 
(16)  through  the  thermodynamic  force  {df* /dr]p). 

Although  the  typical  strain  energy  Gel  coupling  parameter  b  have  a 
weak  temperature  dependence,  which  we  neglected,  the  corresponding 
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reduced  parameters  (  and  7  are  sharply  dependent  on  the  temperature.  Indeed, 
as  follows  from  definition  of  the  first-order  transition  in  the  defect-free  crystal, 
the  transformation  driving  force  vanishes  at  the  transition  temperature  Tq,  i.e. 
Af(To)  =  0.  Since  A/(7’)  is  in  the  denominators  of  definitions  of  C,  7  and  A  in 
(18),  (22)  and  (19),  the  parameters  C,  7  and  A  sharply  increase  approaching  the 
infinity  when  the  temperature  T  increases  toward  Tq. 

Nonlinear  integro-dilferential  equation  (16)  with  definition  (21)  for  fifi(r*) 
describes  the  development  of  ferroelectric  domains  from  the  paraelectric 
parent  phase  in  a  random  field  of  static  defects.  It  explicitly  takes  into 
account  two  main  effects  determining  the  mesoscopic  domain  pattern  of  the 
ferroelectric  crystal:  the  elastic  strain  generated  due  to  the  crystal  lattice 
misfit  (between  different  orientation  variants  of  domains  and  between  the 
domains  and  the  paraelectric  parent  phase)  and  the  electrostatic  dipole - 
dipole  interaction.  Equation  (16)  is  quite  general.  If  A  =  0,  it  describes  a 
particular  case  of  the  displacive  ferroelastic  transformation  developing 
without  polarization.  If  if  describes  a  pure  ferroelectric  transition 

developing  without  the  elastic  strain. 


3.  DEVELOPMENT  OF  FERROELECTRIC  DOMAINS 

IN  A  RANDOM  SYSTEM.  SIMULATION 

To  investigate  the  specifics  of  the  paraelectric^ferroelectric  transition  in  a 
static  random  field  of  lattice  defects,  we  performed  the  computer  simulation. 
The  simulation  was  carried  out  by  the  numerical  solution  of  Equation  (16) 
with  using  the  Euler  algorithm  with  respect  to  the  reduced  time  f  (Af  = 
0.001).  The  initial  condition  was  /*  =  0)  =  0.  It  describes  the  homo¬ 
geneous  paraelectric  state  “quenched”  into  the  stability  field  of  the  defect- 
free  ferroelectric  phase  where  the  paraelectric  state  starts  to  evolve.  To  speed 
up  the  beginning  of  the  kinetic  process,  we  used  large  fluctuations  (r*,  f)' 
during  the  short  time  t*=  0.6  which  then  were  decreased  by  the  factor  10. 
The  fluctuations  were  produced  by  a  random  number  generator. 

The  computational  cell  has  256x256  grid  sites,  the  periodical  boundary 
conditions  were  applied.  To  simulate  the  static  point  defects,  we  introduced 
the  fixed  function  c(r*)  which  assumes  the  value  1  if  a  grid  site  r*  is  occupied 
by  a  defect  and  0  otherwise.  The  function  was  obtained  by  a  random 
number  generator.  Then  the  function  c(r*)  (it  enters  Equation  (16)  through 
Equation  (21))  was  modified  by  being  “smeared”  over  a  grid  cell  where  each 
defect  is  located.  The  “smearing”  is  achieved  by  using  the  new  function 
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c(r*)',  instead  of  c(r*),  where  c(r*y  is  the  back  Fourier  transform  of  the 
function  c{K)exp{-a^  and  c{k)  is  the  Fourier  transform  of  c(r*).  To 
minimize  the  “grid”  effect,  the  function  Ar*  {r]p{r%f))  (describing  the 
gradient  term  in  Equation  (16))  was  calculated  as  the  back  Fourier 
transform  the  function  -K,^{r}q{r*,  exp(-o-^K^),  where  {r]q{r*,t*)}^ 

is  the  Fourier  transform  of  r]p  (r*,  f).  This  procedure  is  asymptotically 
accurate  for  the  considered  case  of  smooth  heterogeneities  characterized  by 
small  K  =  ki<^\  where  i  is  the  grid  increment  length.  Indeed,  at  the  latter 
condition  and  with  the  parameter  0.01  that  we  used,  Qxp(-a^K^)  ^  1. 

The  solution  of  the  kinetic  Equation  (16)  gives  the  Iro  parameter  profiles 
Vp  (r*,  t*)  =  ^0  (^1  f*’  V2  (r*,  ^*)))  at  the  reduced  time  moment  f.  Some  of 

the  results,  obtained  for  the  parameters  0  =  8.88,  A  =  p,  =  27T.  E*  =  0  and 
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FIGURE  1  Temporal  evolution  of  the  volume  fraction  uj  of  the  ferroelectric  phase  “a”  curve 
-  during  the  “low-temperature  annealing”  of  the  homogeneous  paraelectric  phase  “quenched” 
into  the  stability  field  of  the  defect-free  ferroelectric  phase,  “<i”  curve  -  during  the  “higher- 
temperature  annealing”  of  the  single-phase  ferroelectric  state  (shown  on  Fig.  2c).  Micro¬ 
structures  corresponding  to  the  saturation  points  a  and  d  on  these  curves  are  shown  on  Figure 
2a  and  Figure  2d;  l-u;par  (^*)  where  ujp^r  (O  is  the  fraction  of  the  paraelectric  phase. 

Average  concentration  of  defects  c  =  0.2,  values  of  parameters  7  and  ^  entering  Equation  (16) 
are  7=30,  (=1.4  (“a”  curve)  and  7  =  75,  ^3.5  Cd"  curve).  The  computational  cell  is 
256x256. 
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FIGURE  2  Stable  microstructures  formed  in  the  random  field  of  static  defects  (concentration 
c  =  0.20).  The  sequence  a-^b->c-^d  demonstrates  the  change  of  microstructure  at  the  “cooling¬ 
heating”  cycle  and  the  temperature  hysteresis.  The  microstructures  were  obtained  as  the 
asymptotic  solutions  rjp  (r*,  /*-^oo)  of  the  Equation  (16); 

(a)  the  two-phase  dispersion,  obtained  by  “quenching”  (plus  “annealing”)  of  the  homogeneous 
paraelectric  phase  into  the  stability  field  of  the  defect-free  ferroelectric  phase  (7  =  30,  C  =  1 .4);  (b) 
the  mixture  of  imperfect  90°  and  180°  ferroelectric  domains  with  a  smalll  amount  ('^7%)  of  the 
retain  paraelectric  phase,  obtained  by  “quenching”  (plus  “annealing”)  of  the  micro  structure  (a) 
at  7  =  20,  C=  1-4.  These  parameters  correspond  to  a  greater  driving  force  and  imitate  the  lower 
temperature;  (c)  the  single-phase  ferroelectric  state  (90°  and  180°  domains),  obtained  by 
“quenching”  (plus  “annealing”)  of  the  microstructure  (b)  at  7  =  5,  C=l-4.  This  change  of 
parameters  imitates  the  lower  temperature  than  that  of  the  microstructure  (b);  (d)  the  two-phase 
dispersion,  obtained  by  bringing  the  single-phase  ferroelectric  state  (c)  to  the  state  characterized 
by  the  parameters  7  =  75,  C="3.5  and  “annealing”  it  at  this  state.  The  procedure  imitates  the 
“overheating”  of  the  ferroelectric  state  (c)  above  the  level  of  parameters  which  resulted  in  the 
microstructure  (a).  The  simulated  dispersion  of  ferroelectric  clusters  in  the  paraelectric  matrix  is 
similar  to  the  microstructure  (a).  Black,  dark  gray,  white  and  light  gray  areas  describe  four  types 
of  ferroelectric  domains  with  different  orientations  of  polarization  vector  (shown  by  arrows  on 
Figure  c).  Gray  color  on  Figures  (a),  (b)  and  (d)  describes  the  paraelectric  matrix.  All 
microstuctures  are  stable,  they  correspond  to  the  saturations  points  on  the  time  dependences 
and  F(t*)  {F  is  the  total  free  energy).  The  microstructures  (a)  and  (d)  correspond  to  the 
saturations  points  “a”  and  “(i”  on  Figure  1.  The  computational  cell  is  256x256. 


different  values  of  the  strain  energy  parameter  (  and  the  defect  coupling 
parameter  7  =  /?/!  A/|  are  presented  on  Figures  1  -2.  The  average  concentra¬ 
tion  of  the  static  defects  was  assumed  to  be  c  =  0.2.  The  expansion 
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coefficients  of  the  “local”  chemical  free  energy 7)2)  (see  Eqs.  (2),  (20), 
(21))  were 


a\^A\l\^f\=  -0.35,  ^2  =  A2I  I  A/  I  -  30, 

«3=^3/|  A/|  =  19,  «4  =  ^4/|A/|  =  10 


The  free  energy  772)  minima  for  the  defect-free  crystal  («i(r*)  =  di?) 

with  these  coefficients  describe  four  types  of  energetically  equivalent 
ferroelectric  domains  of  the  stable  ferroelectric  phase  whose  polarization 
vectors  are  along  one  of  the  directions  ±  [10]  and  ±  [01]. 

Figure  2  visualizes  the  asymptotic  solution  rjp  f)  of  Equation  (16)  at 
large  time  f  00  when  the  system  ceases  to  evolve  and  the  total  free  energy 
F  starts  to  fluctuate  around  a  saturation  value  rather  than  to  decrease. 
Attainment  of  the  saturation  is  illustrated  by  Figure  1  presenting  the 
evolution  of  the  volume  fraction  uj  of  the  ferroelectric  phase  for  two  sets  of 
parameters  ^  and  7  :  and  7  =  30  (curve  a)  and  (  =  3.5  and  7  =  75 

(curve  d).  The  to  value  was  determined  as  uj=\—u>par  where  ujpar  is  the 
volume  fraction  of  the  paraelectric  phase  determined  as  the  area  where 
(7?  +  72)  <  O-Ol-  The  microstructures  corresponding  to  the  finally  reached 
saturation  points  and  “<7”  are  shown  in  Figures  2a  and  2d. 

The  Iro  parameter  profiles,  formed  when  the  corresponding  curves  uj  vs  t* 
(Fig.  1)  reach  their  saturation,  describe  the  stable  mesoscopic  domain 
structures  (Fig.  (2))r*)  =  (?7i  (r*),  V2  (r*))  (and  thus  the  polarization  vector 
P(r*)  =  Po77(r*))  is  directed  either  along  the  ±[10]  or  ±[01]  directions. 
Depending  on  the  direction  of  P(r*),  we  have  one  of  the  four  possible 
ferroelectric  domains  which  we  visualize  by  four  shadows  of  gray:  black  if 
77  =  (0, 77)  at  a  point  r*  (the  polarization  vector  is  along  the  positive  direction 
of  the  ;7-axis),  dark  gray  if  ?7  =  (0,  -77)  (the  polarization  vector  is  along  the 
negative  direction  of  the  j-axis),  light  gray  if  77  =  (-77,  0)  (the  polarization 
vector  is  along  the  negative  direction  of  the  x-axis),  and  white  if  77  =  (77,  0) 
(the  polarization  vector  is  along  the  positive  direction  of  the  x-axis).  The  final 
5th  shadow  of  gray,  between  the  dark  gray  and  light  gray,  presents  the 
regions  where  (77  j  ±  77  2)  <0.01  or  77  0.  In  this  case  the  polarization  is  close 

to  zero  and  thus  this  gray  area  describes  the  paraelectric  phase.  It  is  shown  in 
Figures  2a,  d  by  a  gray  background.  The  arrows  in  Figure  2c  designate  the 
relation  between  the  direction  of  the  polarization  vector  and  the  intensity  of 
gray  color  visualizing  domains  with  this  polarization  direction. 

Figure  2  shows  the  change  of  microstructure  at  the  “cooling-heating” 
cycle  which  was  started  from  the  paraelectric  phase.  The  “equilibrium” 
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Structure  on  Figure  2a  (corresponding  to  the  point  “a”  on  Fig.  1)  is  a  result 
of  “annealing”  of  the  paraelectric  phase  at  low  temperature  T<Tq  {Tq  is  the 
paraelectric-ferroelectric  transition  temperature  in  the  absence  of  defects). 
It  shows  a  stable  dispersion  of  ferroelectric  clusters  in  the  paraelectric 
matrix.  Subsequent  lowering  the  temperature  ((a)^(b)->(c)  on  Fig.  2), 
which  increases  the  transformation  dirving  force  |A/(7’)|,  can  be  modelled 
by  gradual  decrease  of  the  coupling  parameter  7.  The  decrease  of  7  from 
7  =  30  (Fig.  2a)  to  7  =  20  (Fig.  2b)  and  then  to  7  =  5  (Fig.  2c)  results  in  the 
complete  transformation  of  the  paraelectric  phase  into  the  ferroelectric 
phase.  The  resulting  single-phase  micro  structure  (Fig,  2c)  is  formed  by 
alternating  90°  ferroelectric  domains,  each  of  them,  in  turn,  consisting  of 
180°  domains. 

The  computer  simulation  showed  that  the  two-phase  structure  of  (Fig.  2a) 
is  not  fully  reversible.  Indeed,  “heating”  of  the  single-phase  structure  (Fig. 
2c)  back  to  the  values  of  the  parameters  corresponding  to  the  structure  on 
Figure  2a  (i.e.,  returning  to  the  parameter  7  =  30  of  the  structure  on  Fig.  2a) 
did  no  change  the  single-phase  structure  (Fig.  2c).  However,  using  a  more 
intensive  “heating”,  by  increasing  both  parameters  7  and  C  to  values  3.5 
and  7  =  75,  did  produce  the  structure  similar  to  that  of  (Fig.  2a),  i.e.,  the 
two-phase  dispersion  consisting  of  ferroelectric  clusters  within  the  para¬ 
electric  matrix.  This  situation  where  “overheating”  of  the  single-phase 
ferroelectric  state  (Fig.  2c)  is  needed  to  obtain  the  structure  (Fig.  2d)  similar 
to  the  structure  (Fig.  2a)  is  actually  a  manifestation  of  the  temperature 
transformation  hysteresis.  We  emphasize  again  that  each  of  the  four 
structures  presented  in  Figure  2  corresponds  to  the  state  of  saturation  of 
dependences  uj{f)  and  F{f)  is  the  total  free  energy  at  the  time  f. 

Results  presented  in  Figures  1,  2  show  that  there  is  a  temperature  range 
adjacent  to  To  at  T<Tq  where  the  two-phase  dispersion  of  ferroelectric 
clusters  in  the  paraelectric  matrix  is  stable.  This  range  can  be  attributed  to 
the  pre-transitional  region. 


4.  DISCUSSION 

As  we  mentioned  in  Introduction,  there  is  a  growing  evidence  accumulated 
in  many  studies  of  the  martensitic  and  ferroelectric  transitions  that  static 
defects  which  are  naturally  “frozen”  in  the  crystal  lattice  may  drastically 
alter  the  transformation  kinetics,  thermodynamics  and  mesoscopic  micro¬ 
structure.  Good  examples  of  this  are  the  pre-transitional  behavior  observed 
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in  martensitic  crystals  and  the  two-phase  states  observed  in  ferro- 
electrics^’’  In  all  these  cases  there  is  a  randomness  produced  by 

an  atomic  disorder.  However,  there  are  no  conclusive  arguments  which 
would  fully  reveal  the  mechanisms  responsible  for  stability  of  the  two-phase 
equilibrium  dispersions  in  these  systems.  A  purpose  of  this  study  was  to 
develop  the  theory  which  would  be  able  to  explain  the  origin  of  the  two- 
phase  coexistence  in  ferroelectric  crystals  and  to  relate  this  mixed  state  with 
the  special  properties  of  relaxor  ferroelectrics.  We  tried  to  design  a  “clear” 
computer  “experiment”  which  would  allow  us  to  investigate  the  influence  of 
random  static  defects  on  the  paraelectric^ferroelectric  transition.  A 
significant  advantage  of  such  an  approach  is  that  this  “experiment”  can 
be  performed  in  a  quite  controllable  fashion,  unattainable  in  a  real 
experiment.  In  a  computer  simulation,  the  thermodynamic  and  structural 
parameters  of  the  system  can  be  varied  so  that  a  contribution  of  concurrent 
effects  to  the  transformation  dynamics  can  be  singled  out  and  the  effects 
obscuring  the  influence  of  static  defects  can  be  excluded. 

The  first  step  to  reach  this  objective  was  developing  a  sufficiently  realistic 
model  of  the  displacive  transformation  which  would  be  able  to  take  into 
account  the  main  factors.  They  are  (i)  the  transformation-induced  strain 
caused  by  the  crystal  lattice  misfit  between  the  different  structural  domains  of 
the  transformed  phase  and  between  the  domains  and  the  parent  pahse,  (ii)  the 
electrostatic  dipole -dipole  interaction  induced  by  heterogeneities  in 
the  spontaneous  polarization  andiii)  the  static  defects  interacting  with  the 
displacive  transformation  mode.  The  mathematical  framework  of  this  model, 
the  Stochastic  Field  Kinetic  Equation,  is  the  extension  of  the  phenome¬ 
nological  Time-Dependent  Ginzburg-Landau  kinetic  equation  which  was 
formulated  in  our  earlier  work  for  the  diffusionless  transformation^^^^^^l 

We  considered  a  paraelectric^ferroelectric  transition  which  always  goes 
to  completion  without  defects  (in  the  absence  of  defects,  the  transition 
produces  the  ferroelectric  single-phase  state  consisting  of  the  90°  and  180° 
ferroelectric  domains).  This  choice  of  a  system  guarantees  that  the  retain 
paraelectric  phase,  if  we  obtain  any,  is  associated  only  with  the  defects.  It  was 
found  that  introduction  of  the  static  defects,  locally  supressing  the 
transformation,  may  completely  change  the  entire  transformation  dynamics 
and  thermodynamics  (instead  of  the  single-phase  ferroelectric  or  single-phase 
paraelectric  states,  the  two-phase  equilibrium  forms).  However,  this  change 
occurs  only  if  the  transformation  in  a  static  random  field  is  accompanied  by 
the  dipole -dipole  like  interactions,  viz,  by  the  interaction  between  electric 
dipoles  and/or  between  the  elastic  dipoles.  Without  the  infinite-range 
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dipole -dipole  like  interactions,  the  random  system  behaves  in  a  conven¬ 
tional  way,  it  fully  transforms  to  the  ferroelectric  state  upon  “cooling”. 

Our  recent  computer  simulation^^^^  of  the  ferroelectric  transformation  in  a 
static  random  field,  developing  without  the  misfit-induced  strain,  showed 
that  the  presence  of  only  the  electric  dipole -dipole  interaction  is  sufficient 
to  produce  the  same  effects  as  those  reported  in  this  paper.  Absence  of  the 
strain  effects  just  changes  the  morphology  of  the  two-phase  dispersions  and 
the  ferroelectric  domains  pattern. 

It  is  found  in  this  study  that  a  random  static  field  in  combination  with  the 
dipole -dipole  like  interactions  results  in  a  situation  where  the  system  loses 
its  ergodicity.  The  structure  produced  by  the  transformation  becomes 
dependent  on  the  initial  conditions,  i.e.  the  system  becomes  path-dependent. 
A  natural  consequence  of  this  circumstances  is  the  temperature  transforma¬ 
tion  hysteresis  obtained  in  the  simulation. 

This  unusual  behavior  is  illustrated  by  Figure  2  which  shows  the  sequence 
of  microstructures  obtained  in  the  “cooling-heating”  cycle  started  from  the 
homogeneous  paraelectric  phase.  The  first  step  of  the  cycle  -  “quenching” 
the  paraelectric  phase  into  the  stability  field  of  the  defect-free  ferroelectric 
phase  (followed  by  “annealing”)  -  produced  a  stable  dispersion  of  ferro¬ 
electric  phase  clusters  (domains)  within  the  paraelectric  retain  phase  (Fig. 
2a).  It  is  important  that  these  ferroelectric  domains  are  in  the  equilibrium 
with  the  retain  phase,  the  latter,  in  particular,  is  illustrated  by  the  curve  “a” 
in  Figure  1  which  describes  developing  of  the  transformation  during  the 
“annealing”  in  terms  of  dependence  of  the  volume  fraction  uj  of  the 
ferroelectric  phase  on  the  reduced  time  t*.  This  dependence  demonstrates 
that  the  volume  fraction  cu  does  not  reach  the  value  100%  required  to 
complete  the  transformation  but,  instead,  it  reaches  the  saturation  value 
~  13%  (point  a).  The  subsequent  “annealing”  (beyond  the  point  a)  did  not 
change  effectively  the  volume  fraction  and  total  free  energy  F{T*). 
Both  functions  start  to  fluctuate  around  the  equilibrium  values  rather  than 
to  change  monotoneously.  That  is,  the  system  ceases  to  evolve  further.  The 
obtained  microstructure  (corresponding  to  the  point  a)  shown  on  Figure  2a 
is  stable  also  in  a  sense  that  it  does  not  change  irrespective  of  the  fluctuation 
level  ^p{r*,  f)  in  Equation  (16). 

Increase  in  the  transformation  driving  force,  simulating  the  further 
“cooling”  of  the  structure  in  Figure  2a,  results  in  increase  of  the  volume 
fraction  uj  of  the  ferroelectric  phase  from  ~13%  to  ~93%.  The 
corresponding  microstructure  is  shown  in  Figure  2b.  The  two-phase  co¬ 
existence  illustrated  by  Figure  2b  is  also  stable,  in  the  same  way  as  the 
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Structure  on  Figure  2a.  Further  increase  in  the  transformation  driving  force 
transforms  the  two-phase  state  in  Figure  2b  into  the  conventional  single¬ 
phase  domain  state  (uj'--^99Vo)  shown  in  Figure  2c.  It  consists  of  90° 
domains  which,  in  turn,  are  composed  of  180°  domains. 

The  inverse  process,  reducing  the  transformation  driving  force  (it  mimics 
heating  towards  the  transition  temperature  Tq  of  the  system  without  defects) 
transforms  the  single-phase  domain  state  shown  in  Figure  2c.  This 
“heating”  restores  the  two-phase  state  formed  by  the  ferroelectric  clusters 
in  the  paraelectric  phase.  This  structure  is  shown  in  Figure  2d.  The  curve  d 
in  Figure  1  indicates  the  reduction  of  the  volume  fraction  lo  of  the 
ferroelectric  phase  during  the  “high-temperature  annealing”.  The  volume 
fraction  of  the  ferroelectric  phase  is  reduced  from  about  100%  to  the  value 
~28%  (the  saturation  point  d). 

At  this  point  one  important  comment  should  be  made.  In  the  ergodic 
system  satisfying  the  conventional  Gibbs  thermodynamics  case,  the  cooling¬ 
heating  cycle  must  restore  the  initial  equilibrium  state.  Applying  this 
statement  to  our  system  would  give  us  the  following.  If  the  single-phase 
ferroelectric  structure  obtained  by  “cooling”  (shown  on  Fig.  2c)  were 
“heated”  and  “annealed”  at  the  values  of  the  parameters  corresponding  to 
the  values  producing  the  microstructure  of  Figure  2a.  However,  this  is  not 
the  case  for  our  system.  The  simulation  showed  that  such  “annealing”  does 
not  restore  the  structure  in  Figure  2a,  irrespective  of  the  “annealing”  time 
and  fluctuations  level.  In  fact,  it  does  not  affect  the  structure  of  Figure  2c  in 
any  meaningful  way.  The  inverse  process  of  the  transformation  of  the  single¬ 
phase  ferroelectric  structure,  shown  on  Figure  2c,  into  the  two-phase 
paraelectric/ferroelectric  mixture,  starts  only  if  the  system  is  considerably 
“overheated”,  i.e.  its  transformation  driving  force  is  significantly  reduced 
with  respect  to  the  value  producing  the  microstructure  in  Figure  2a.  The 
two-phase  microstrueture  obtained  upon  this  “overheating”  is  shown  in 
Figure  2d.  The  situation  which  is  just  described  actually  indicates  that  the 
transformation  developing  in  our  system  is  characterized  by  the  transforma¬ 
tion  temperature  hysteresis  and  is  history-dependent.  This,  in  turn,  is  a 
direct  indication  that  the  system  is  not  ergodic.  The  latter  means  that  if  the 
system  turns  out  to  be  in  one  area  of  the  phase  space  it  is  unable  to  escape  it 
and  reach  the  other  areas.  The  path-dependence  of  equilibration  outcome 
and  its  dependence  on  the  initial  state  (“memory”  of  initial  state)  obtained 
in  our  simulation  is  a  fingerprint  of  the  non-ergodic  system.  A  well  known 
example  of  the  non-ergodic  system  is  the  spin  glass  system. 

For  a  non-ergodic  system,  the  difference  between  the  metastable  and 
stable  states  becomes  insignificant  since  the  metastable  states  related  to 
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multiplicity  of  local  free  energy  minima  are  unescapable  by  usual 
thermonucleation  process.  This  is  circumstance  that  results  in  the 
thermoelastic  (two-phase)  equilibrium  in  the  martensitic  system  and  in 
the  two-phase  equilibrium  dispersion  obtained  in  this  study. 

As  was  proposed  by  Cross  if  the  system  consists  of  small  independent 
polar  clusters  imbedded  into  a  nonpolar  matrix,  the  thermal  fluctuations  may 
result  in  flips  of  the  dipole  moment  of  the  entire  cluster,  the  value  of  the  dipole 
moment  being  proportional  to  the  particle  volume.  If  the  kinetic  barrier 
between  the  directions  along  and  opposite  to  the  applied  electrical  field  is 
small  enough  to  avoid  the  dipole  moment  freezing,  such  a  system  would 
have  a  very  high  polarizability,  typical  for  relaxor  materials.  The  described 
phenomenon  is  the  superparaelectric  elTect.  The  low  frequency  hysteresis 
observed  in  relaxors  is  also  explained  by  the  superparaelectric  cluster 
model.  In  a  situation  where  the  barrier  is  low,  the  inverse  flipping  time 
assumes  the  values  commensurate  with  the  low  frequencies.  This  condition 
maximizes  the  energy  absorption  and  thus  increases  the  hysteresis. 

Since  the  transition  barrier  between  the  directions  along  and  opposite  to 
the  applied  electrical  field  is  proportional  to  the  cluster  volume,  the 
superparaelectricity  becomes  significant  for  the  small  polar  clusters.  As  was 
mentioned  in  Introduction,  in  order  to  attribute  the  relaxor  behavior  to  the 
superparaelectricity,  it  is  necessary  to  explain  (i)  why  the  ferroelectric 
transition  produces  the  stable  two-phase  mixture  while  the  thermodynamics 
of  the  isobaric  ferroelectric  transition  does  not  permit  it  and  (ii)  why  the 
single-phase  state,  composed  of  macrodomains  of  the  ferroelectric  phase, 
forms  from  the  two-phase  state  with  change  in  the  transformation  driving 
force,  composition  or  with  application  of  the  electric  field.  The  explanation 
actually  follows  from  this  study.  Indeed,  our  simulation  shows  that  in 
certain  random  systems  the  ferroelectric  transition  produces  the  metastable 
dispersion  of  small  polar  particles  in  the  nonpolar  matrix.  This  resolves  the 
first  problem  (i). 

The  simulation  results  explain  the  problem  (ii)  as  well.  They  show  that 
increasing  the  transformation  driving  force  by  “cooling”  increases  the 
volume  fraction  of  the  ferroelectric  phase  until  the  system  fully  transforms 
into  the  macrodomain  single-phase  ferroelectric  state.  This  is  illustrated  by 
the  sequence  of  Figures  2a,  2b,  2c:  with  the  driving  force  increase,  the 
dispersion  of  the  polar  clusters  (Fig.  2a)  transforms  to  the  state  with  a  high 
volume  fraction  of  the  polar  phase  (Fig.  2b)  and,  finally,  to  the 
macrodomain  single-phase  ferroelectric  state  (Fig.  2c).  Our  simulation 
results,  not  presented  in  this  paper,  shows  that  increase  in  the  transforma¬ 
tion  driving  force  due  to  the  applied  electric  field  also  fully  transforms  the 
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two-phase  state  into  the  single-phase  ferroelectric  state.  As  a  matter  of  fact, 
using  the  electric  field  is  a  much  more  efficient  way  of  increasing  the 
transformation  driving  force  than  the  “cooling”.  The  transition  to  the 
single-phase  state,  obviously,  eliminates  the  superparaelectric  effect  and,  if 
the  superparaelectric  model  of  the  relaxor  behavior  is  adopted,  it  should 
eliminate  all  typical  features  of  the  relaxor  behavior. 

Finally,  the  simulation  results  may  explain  the  high  values  of  electro¬ 
mechanic  coupling  constants  in  relaxor  materials.  This  effect  can  be  explain 
in  terms  of  the  elastic  strain  response  to  restructuring  of  the  two-phase 
paraelectric/ferroelectric  coherent  mixture  under  the  applied  electric  field. 
The  electric  field  energetically  favors  those  lower  symmetry  orientation 
variants  of  the  ferroelectric  phase  whose  polarization  is  directed  along  the 
field.  The  growth  of  favorable  variants  at  expense  of  the  parent  paraelectric 
phase  and  unfavorable  variants  of  the  ferroelectric  phase  results  in  a 
macroscopic  shape  change  of  the  system  characterized  by  the  transforma¬ 
tion-induced  strain 

where  £(/)  ”  and  £(unf)|  are  the  stress-free  transformation  strains  of  the 
favorable  and  unfavorable  orientation  variants,  respectively;  Au;(S)  is  the 
excess  volume  fraction  of  the  favorable  variant  with  respect  to  unfavorable 
ones;  Aa;(f )  is  a  function  of  the  applied  field  £.  Since  the  transformation 
strains  e{f)l  and  £(unf)9.,  determining  the  misfit  between  the  crystal 
lattices  of  the  paraelectric  and  ferroelectric  phases,  are  comparatively  large, 
the  macroscopic  body  deformation  is  also  high.  The  situation  here  is  almost 
identical  to  the  one  occuring  in  the  conventional  martensitic  transformation 
under  the  applied  stress.  The  only  difference  is  that  the  value  Aw(o-)  in  the 
martensitic  material  is  caused  by  the  applied  stress  a  whereas  the  value 
Au(E)  in  the  relaxor  material  would  be  caused  by  the  applied  electric  field  £. 
It  is  well  known,  that  the  stress-induced  martensitic  transformation 
produces  a  very  large  macroscopic  strain  whose  orders  of  magnitude  is 
smaller  than  the  elastic  (Hooke)  strain  achievable  in  the  homogeneous 
martensic  crystal. 

There  is  no  reason  to  think  that  a  similar  large  strain  (in  comparison  with 
the  electrostrictive  strain  in  the  homogeneous  ferroelectrics)  cannot  be 
achieved  in  the  electric  field-induced  transformation  in  the  ferroelectric 
system.  This  would  provide  an  unusually  large  electrostriction. 

It  should  be  noted  that  the  superparaelectric  mechanism  of  the  relaxor 
ferroelectrics,  which  is  discussed  in  this  paper  in  relation  to  a  ferroelectric 
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cluster  formation  obtained  in  our  computer  simulation,  is  not  necessary  the 
only  one  contributing  to  the  high  polarizability,  low  frequency  relaxation 
and  other  features  of  the  relaxor  behavior.  There  are  several  other 
mechanisms  which  may  also  contribute  to  the  special  properties  of  relaxors 
(see  for  example,  a  review  paper  by  Kleeman  Their  relative  contribution 
may  vary  for  different  systems.  The  interesting  mechanism  based  on 
interaction  of  polar  clusters  through  the  highly  polarizable  matrix  was 
proposed  by  Vugmeister  and  Rabitz  in  the  paper  submitted  to  this  issue 
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We  extend  our  previous  first-principles  theory  for  perovskite  ferroelectric  phase  transitions  to 
treat  also  antiferrodistortive  phase  transitions.  Our  approach  involves  construction  of  a  model 
Hamiltonian  from  a  Taylor  expansion,  first-principles  calculations  to  determine  expansion 
parameters,  and  Monte-Carlo  simulations  to  study  the  resulting  system.  We  apply  this 
approach  to  three  cubic  perovskite  compounds,  SrTiOs,  CaTi03  and  NaNb03,  that  are  known 
to  undergo  antiferrodistortive  phase  transitions.  We  calculate  their  transition  sequences  and 
transition  temperatures  at  the  experimental  lattice  constants.  For  SrTi03,  we  find  our  results 
agree  well  with  experiment.  For  more  complicated  compounds  like  CaTi03  and  NaNb03, 
which  can  have  many  different  structures  with  very  similar  energy,  the  agreement  is  somewhat 
less  satisfactory. 

Keywords:  Structural  phase  transitions;  ferroelectrics;  SrTi03;  CaTi03;  NaNb03 


I.  INTRODUCTION 

Perovskite  materials  are  of  considerable  interest  both  for  fundamental 
reasons  and  for  their  many  actual  and  potential  technological  applications. 
The  great  fascination  of  the  cubic  perovskite  structure  is  that  it  can  readily 
display  a  variety  of  structural  phase  transitions,  ranging  from  non-polar 
antiferrodistortive  (AFD)  to  ferroelectric  (FE)  and  antiferroelectric  (AFE) 
in  nature  The  competition  between  these  different  instabilities  evidently 
plays  itself  out  in  a  variety  of  ways,  depending  on  the  chemical  species 
involved,  leading  to  the  unusual  variety  and  richness  of  the  observed 
structural  phase  diagrams.  For  example,  as  temperature  is  reduced,  BaTiOs 
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undergoes  a  series  of  FE  phase  transitions,  while  SrTiOs  has  a  single  AFD 
transition.  More  extreme  examples  are  NaNb03  and  BaZr03;  the  former 
has  a  series  of  six  transitions,  while  the  latter  stays  cubic  down  to  zero 
temperature.  Another  appealing  property  of  these  cubic  perovskites  is  that 
all  of  the  structural  phase  transitions  involve  only  small  distortions  from  the 
ideal  cubic  structure,  the  typical  distortion  being  less  than  5%  of  the  lattice 
constant.  This  simplifies  the  theoretical  treatment  considerably.  The  ample 
experimental  data  on  these  compounds  also  provide  many  insights  and 
opportunities  for  checking  the  accuracy  of  theoretical  calculations. 

It  is  no  wonder  that  there  have  been  many  theoretical  attempts  to  study 
these  compounds.  Previous  phenomenological  model  Hamiltonian  ap¬ 
proaches  have  largely  been  limited  by  oversimplification  and  ambi¬ 
guities  in  interpretation  of  experiment,  while  empirical  and  non-empirical 
pair-potential  methods  have  not  offered  high  enough  accuracy.  Recently, 
advances  in  density-functional  techniques  have  made  possible  first- 
principles  investigations  of  such  perovskite  compounds.  Such  calculations 
have  proven  capable  of  providing  accurate  structural  properties  and  FE 
distortions  for  perovskites  at  zero  temperature 

Recently,  a  thermodynamic  theory  based  upon  such  first-principles 
calculations  was  developed  to  study  the  finite-temperature  properties  of 
BaTiOs^"’’^^,  and  predicted  the  correct  transition  sequence  and  fairly 
accurate  transition  temperatures.  This  thermodynamic  approach  involves 
three  steps:  (i)  constructing  an  effective  Hamiltonian  to  describe  the 
important  degrees  of  freedom  of  the  system;  (ii)  determining  all  the 
parameters  of  this  effective  Hamiltonian  from  high-accuracy  ab-initio  EDA 
calculations;  and  (iii)  performing  Monte-Carlo  simulations  to  determine  the 
phase  transformation  behavior  of  the  resulting  system.  A  similar  approach 
was  also  successfully  applied  to  PbTi03  by  Rabe  and  Waghmare 

The  construction  of  the  effeetive  Hamiltonian  is  carried  out  in  view  of  the 
special  structural  properties  of  cubic  perovskite  compounds.  At  higher 
temperature,  the  cubie  perovskite  eompounds  ABO3  have  a  simple  eubic 
strueture  with  O  atoms  at  the  face  centers  and  metal  atoms  A  and  B  at  the 
cube  corner  and  body  center,  respectively.  The  two  most  common 
instabilities  result  from  the  softening  of  either  a  polar  zone-center  phonon 
mode,  leading  to  a  FE  phase,  or  the  softening  of  a  non-polar  zone-boundary 
mode  involving  rotations  of  oxygen  octahedra,  leading  to  an  AFD  phase. 
(In  some  cases  a  zone-boundary  polar  mode  may  also  occur,  leading  to  an 
AFE  phase).  In  our  previous  thermodynamic  theory  for  BaTiOs,  we 
assumed  FE  and  strain  distortions  would  be  the  only  important  degrees  of 
freedom  of  the  system.  In  other  words,  all  other  distortions  are  assumed  to 
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be  much  higher  in  energy.  This  is  true  for  BaTiOs,  but  not  true  for  cubic 
perovskites  in  general.  As  shown  in  our  recent  first-principle  calculations 
most  cubic  perovskite  compounds  may  also  undergo  AFD  transitions.  To 
study  these  compounds,  we  need  to  extend  our  theory  to  include  AFD 
distortions  among  the  low-energy  distortions.  This  extended  theory  would 
also  allow  us  to  study  the  interaction  between  FE  and  AFD  instabilities. 
However,  because  the  AFD  distortion  is  a  zone-boundary  distortion 
without  a  clear  corresponding  zone-center  mode,  the  extension  is  not  trivial. 

The  rest  of  the  paper  is  organized  as  follows.  In  Sec.  II,  we  go  through  the 
detailed  procedure  for  the  construction  of  the  effective  Hamiltonian  with  the 
AFD  distortion  included.  In  Sec.  Ill,  we  describe  our  first-principles 
calculations  and  the  determination  of  the  expansion  parameters  for  the 
three  compounds  SrTiOs,  CaTiOs,  and  NaNbOa.  In  Sec.  IV,  we  report  our 
calculated  transition  temperatures,  phase  sequences,  and  order  parameters 
for  those  three  compounds.  We  also  identify  the  differences  between  the 
correlation  functions  of  the  FE  and  AFD  local  modes  in  SrTiOa.  Sec.V 
concludes  the  paper. 


II.  CONSTRUCTION  OF  THE  HAMILTONIAN 
A.  Local  Modes  for  AFD  Distortion 

In  our  previous  development  we  argued  that  the  total  energy  of  a  cubic 
perovskite  can  be  well  approximated  by  a  low-order  Taylor  expansion  over 
all  the  relevant  low-energy  distortions,  specifically  FE  distortions  and  strain. 
The  FE  distortions  are  represented  by  local  modes,  whose  arrangement  will 
reproduce  the  FE  soft  phonon  modes  throughout  the  Brillouin  zone  (BZ). 
To  extend  the  theory  to  include  the  AFD  distortions,  we  need  to  construct  a 
new  set  of  local  modes  to  represent  the  lowest  AFD  modes  over  the  whole 
BZ,  or  at  least  over  the  portion  of  the  BZ  where  the  energy  change  due  to  the 
AFD  distortions  is  either  negative,  or  positive  but  small.  The  AFD  mode 
typically  has  the  lowest  energy  at  the  zone-boundary  R  [(0.5,  0.5,  0.5)27r/flo] 
and  M  [(0.5,  0.5,  0)27r/flo,  etc.]  points,  while  near  the  zone  center  F  the  energy 
is  very  high.  So  it  is  necessary  to  choose  local  modes  that  will  accurately 
reproduce  the  potentially  soft  modes  in  the  vicinity  of  the  R  and  M  points. 

The  rotation  of  an  isolated  oxygen  octahedron  can  be  represented  by 
a  pseudovector  passing  through  its  center.  Assuming  the  origin  of  coordi¬ 
nates  at  the  center  of  the  octahedron,  a  pseudovector  with  polarization  z 
involves  displacements  ±  0.5  aoy  for  oxygen  atoms  at  (±  flo/2,0,0)  and 
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displacements  =F  0-5  GqX  for  atoms  at  (0,  ±flo/2,0).  Here  Aq  is  the  lattice 
constant  of  the  ideal  cubic  perovskite.  In  the  case  of  the  ABO3  perovskite 
crystal,  we  can  represent  octahedral  rotation  using  pseudovectors  sitting  on 
the  center  of  each  octahedron,  i.e.,  on  the  B  atoms.  However,  neighboring 
octahedra  share  oxygen  atoms,  so  that  some  continuity  conditions  would 
have  to  be  imposed  if  we  were  to  insist  that  the  displacement  of  a  given 
oxygen  be  consistently  described  by  both  neighboring  pseudovectors. 
With  such  constraints  the  neighboring  pseudovectors  would  no  longer 
be  independent  of  one  another,  leading  to  potential  problems  in  the 
implementation  of  the  Monte-Carlo  simulations. 

To  avoid  such  problems,  we  simply  construct  a  set  of  “virtual” 
pseudovectors  ai  which  are  independent  of  each  other,  and  left  the  actual 
oxygen  displacements  be  the  superposition  of  the  displacements  that  would 
results  from  these.  To  be  precise,  let  «/  =  «(/?/)  denote  the  pseudovector 
centered  on  the  B  atom  of  unit  cell  i  (position  vector  /?/),  so  that  each  oxygen 
atom  is  shared  by  two  pseudovectors.  The  physical  displacement  of  the 
oxygen  atom  shared  by  Ui  and  uj  is  then  given  by 

Ar  =  X  («/-«;),  (1) 

where  Rij  =  /?,-  -  Rj.Rij  =  Rijl\Ri^-  The  AFD  soft  modes  of  interest  at  R 
and  M  are  then  easily  represented  by  the  corresponding  pattern  of 
pseudo  vectors.  For  example,  choosing  a{lx  -{■  my  +  nz)  =  {-)^^^  z  repro¬ 
duces  one  of  the  M-point  modes  polarized  along  z.  (Here,  .1:  =  a^x,  etc.). 
Other  possible  choices  of  the  pattern  of  pseudovectors  correspond  to  other 
modes  which  are  probably  higher  in  energy,  but  possibly  still  relevant  for 
some  materials.  For  example,  choosing  a{lx  +  my^nz)=^{-iy  corresponds 
to  an  A"-point  mode  that  can  be  regarded  as  either  of  AFD  character 
polarized  along  y,  or  of  AFE  character  polarized  along  z.  Finally,  note  that 
choosing  a{R^  constant  (F-point  arrangement)  gives  rise  to  no  displace¬ 
ments  whatever. 

In  view  of  this  last  point,  it  is  important  to  realize  that  the  themselves 
do  not  have  direct  physical  meaning;  only  differences  between  adjacent  a/s 
are  physical.  Adding  a  constant  to  all  a/s  will  not  change  the  physical 
configuration  of  the  system.  So  any  physical  distortions  can  be  mapped  to 
infinitely  many  pseudovector  arrangements,  but  any  pseudovector  arrange¬ 
ment  only  corresponds  to  one  specific  physical  distortion.  Because  only  the 
pseudovector  differences  between  sites  have  physical  meaning,  the  Hamilto¬ 
nian  should  be  expanded  in  terms  of  these  differences,  not  the  pseudovectors 
themselves.  Using  this  approach,  we  reduce  the  number  of  degrees  of 
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freedom  associated  with  oxygen  displacements  perpendicular  to  the  O— B 
bonds  from  six  to  three,  and  raise  the  symmetry  of  the  system  considerably. 
As  a  result,  the  Taylor  expansion  is  significantly  simplified. 

The  two  other  low-energy  distortions,  the  FE  and  elastic  distortions,  are 
treated  as  in  Ref.  [12].  Briefly,  for  each  unit  cell  of  the  ABO3  perovskite 
structure,  we  define  a  FE  local-mode  centered  on  the  B  site,  and  a 
displacement  local  mode  centered  on  the  A  site.  The  former  is  chosen  in 
such  a  way  that  a  uniform  superposition  of  FE  local  modes  reproduces  the 
soft  TO  mode  obtained  by  diagonalizing  the  force-constant  matrix  at  the 
Brillouin  zone  center.  The  quantities  /•=/(/?/)  and  Ui  are  the  vector 
amplitudes  of  the  FE  and  translational  local  modes,  respectively,  in  the  i  th 
unit  cell.  (Note  the  difference  in  notation  between  Ref.  [12]  and  this 
paper^^^^).  Inhomogeneous  strains  77  are  expressed  in  terms  of  differences 
between  Uf  in  neighboring  cells,  and  we  add  six  extra  degrees  of  freedom  to 
describe  the  homogeneous  strain.  Thus,  the  total  energy  depends  on  the 
set  of  variables  {/,  at,  Uj]  and  the  homogeneous  strain,  and  is  expanded  in  a 
Taylor  series  in  terms  of  these  quantities.  The  expansion  terms  can  be 
divided  into  four  kinds,  those  involving  the  FE  local  modes  alone,  the 
AFD  modes  a,-  alone,  the  strain  variable  w,-  alone,  the  strain  variable  Uf  alone, 
and  the  coupling  between  them, 

=  £'^({/})  +  £^(W)  +£=({«})  +  £”'({/,«,«}).  (2) 

The  part  of  the  energies  involving  the  FE  local  modes  alone,  E^{{f}), 
contains  the  on-site  self  energy,  dipole -dipole  interactions,  and  short-range 
residual  interactions.  Their  forms  have  been  given  by  equations  in  Ref.  [12]: 
Eq.  (3)  in  Sec.  II.  B,  Eq.  (7)  in  Sec.  II.  C,  and  Eq.  (9)  in  Sec.  II.  D, 
respectively  The  energy  due  to  W;  alone,  E^({u}),  is  just  the  elastic 
energy,  and  its  form  has  been  given  by  Eq.  (11)  of  Ref.  [12].  Also,  the  energy 
terms  representing  coupling  between  the /•  and  Ui  have  been  given  in  Eq.  (14) 
of  Sec.  II.  F  of  Ref.  [12]. 

It  remains  to  present  here  the  energy  terms  involving  solely  the  AFD  local 
modes  and  those  representing  the  coupling  of  the  fl/  to  the/-  and  «/.  Their 
expressions  are  presented  in  the  following. 


B.  AFD  Energy  Terms 

The  AFD  local  modes  a,-  are  nonpolar  and  involve  no  dipole  moment,  so 
long-range  dipole -dipole  interactions  need  not  be  considered,  unlike  for  FE 
local  modes.  Recalling  that  only  the  differences  of  the  Ui  between 
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neighboring  sites  are  physical,  it  is  not  appropriate  to  separate  energy 
contributions  into  on-site  and  inter-site  interactions,  as  we  did  for  the//^^^. 
Instead,  we  separate  the  interaction  into  harmonic  and  higher-order 
contributions, 

E^{{a})  =  -b  (3) 

In  principle,  all  the  AFD  energy  terms  should  be  expanded  in  terms  of  the  Ar 
expressed  through  Eq.  (1).  For  intersite  interactions,  this  would  become  very 
complicated  because  of  the  low  crystal  symmetry  at  the  O  sites.  However,  for 
harmonic  terms,  the  expression  can  be  simplified  by  expansion  in  terms  of 
the  flj  directly  with  certain  conditions  enforced.  In  this  case,  we  can  write 

y  ocP 

Here,  a  and  (5  denote  Cartesian  components,  and  is  a  function  of  % 
and  should  decay  very  fast  with  increasing  |/?y|.  We  need  to  impose 
conditions  on  the  reflecting  the  fact  that  the  dependence  of  the  energy 
on  the  Ui  is  only  through  differences  between  neighboring  sites  [Eq.  (1)].  The 
appropriate  conditions  are 

E  =  (5) 

ye  plane  m 

where  the  sum  is  over  sites  j  such  that  Rij,i3  —  rnao.  This  reflects  the  fact  that 
if  we  make  a  change  aj  — ^  aj  cz  for  all  the  pseudovectors  in  an  x-y  plane  at 
a  distance  of  m  unit  cells  away  from  the  site  i,  the  resulting  “force”  on  the 
pseudovector  on  site  i  should  vanish.  It  can  be  shown  that  with  these 
conditions  enforced,  the  interaction  energy  is  only  related  to  the 
pseudovector  difference  between  adjacent  sites. 

The  description  in  terms  of  the  fl/  directly  makes  it  possible  to  simplify  the 
interaction  matrix  by  symmetry,  since  is  centered  on  the  high- 

symmetry  sites.  For  a  cubic  lattice,  we  have 


on-site : 

^  ti,  ap  ~  ^^2  ’ 

istnn: 

2nd  nn: 

+  75  ^ij\  a  /3  ( 1  “  ^ap)  j 

3rdnn: 

•^y,al3  +7^%,  a  %,/?(!  “ 

4th  nn : 

(6) 
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where  ==  1  if  Ry  has  a  non-zero  a  component  and  0  otherwise.  We 
include  in-plane  interactions  ^  a)  to  4th  neighbor,  since  this  kind  of 
interaction  is  much  stronger  than  other  interactions.  The  conditions  Eq.  (5) 
can  then  be  simplified  to 


^2  +  +  yt  — 

y^  +  4/t  +  4,t  =  0.  (7) 

Thus,  the  complicated  harmonic  intersite  interaction  matrix  for  AFD  local 
distortions  can  be  determined  from  seven  independent  interaction  para¬ 
meters. 

The  structural  phase  transition  problem  is  intrinsically  an  anharmonic 
problem.  Since  the  harmonic  modes  may  be  unstable,  it  is  necessary  to 
introduce  higher  order  terms.  For  simplicity,  we  first  only  consider  on-site 
anharmonic  contributions  associated  with  oxygen  atoms.  Because  of  the 
tetragonal  symmetry  on  the  O  sites,  the  lowest  anharmonic  terms  are  of 
fourth  order.  Since  each  oxygen  involves  two  nearest  neighbor  AFD 
pseudovectors,  this  quartic  term  will  take  the  form 

£A,  ^  ^  -  ay{R,  +  dt  +  k W  -  +  rf)]n 

/  d=±x 

i  d—±x 

+  cyclic  permutations.  (8) 

Here,  x  =  a^x,  and  and  are  parameters  to  be  determined  from  first- 
principles  calculations. 

In  our  previous  work  on  BaTi03  the  intersite  FE  interactions  have  been 
expanded  only  up  to  harmonic  order.  For  AFD  interactions  the 
corresponding  approximation  would  be  to  truncate  the  interactions  between 
the  AFD-induced  displacements  of  different  oxygen  atoms  to  harmonic 
order.  [Such  terms  are  already  included  in  Eq.  (6)].  We  find  this 
approximation  to  be  satisfactory  for  those  compounds  with  weak 
distortions,  as  in  the  case  of  BaTiOs  or  SrTiOa-  For  CaTi03,  the  AFD 
distortion  is  very  large  and  the  transition  temperature  is  around  2000  K.  In 
this  case,  we  find  it  necessary  to  include  more  complicated  anharmonic 
terms,  such  as  third-order  intersite  interaction  terms,  for  the  AFD 
distortions.  In  fact,  such  terms  turn  out  to  be  responsible  for  inducing  a 
displacement  component  corresponding  to  an  A"-point  phonon  (with  both  O 
and  Ca  character)  in  CaTi03.  For  NaNb03,  although  the  distortion  is  not  as 
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Strong  (the  highest  transition  temperature  is  around  700  K),  there  are  many 
structures  with  very  close  free  energy.  We  find  that  inclusion  of  the  third- 
order  AFD  terms  does  have  a  noticeable  elfect  for  these  compounds,  so  we 
include  these  third  order  interaction  terms  for  CaTi03  and  NaNbOa. 

We  consider  only  those  third-order  interactions  between  AFD  modes  on 
two  or  three  neighboring  lattice  sites.  We  can  follow  the  treatment  of  the 
harmonic  intersite  interactions  by  listing  all  the  possible  interactions  and 
using  symmetry  arguments  to  eliminate  forbidden  terms.  Following  this 
approach  leads  to  three  kind  of  terms,  and  we  would  need  three  more 
parameters  to  fully  specify  the  Hamiltonian.  Since  the  third-order  terms  are 
relatively  weak  and  the  exact  determination  of  the  three  parameters  is  costly, 
we  investigate  the  relations  between  these  three  parameters,  and  use  a  simple 
argument  to  combine  the  three  terms  to  form  a  single  new  term  with  only 
one  free  parameter  to  determine. 

The  AFD  interactions  involve  only  the  displacement  of  oxygen  atoms. 
The  strongest  energy  difference  is  associated  with  the  distortion  of  oxygen 
octahedra,  or  the  change  of  the  length  of  a  nearest-neighbor  0  —  0  bond 
A/.  We  can  start  by  analyzing  A/  for  two  oxygens  at  (0,  0,  ajl)  and  (a/2, 
0,0).  We  approximate  the  total-energy  change  as  solely  due  to  A/. 
Expanding  it  as  a  function  of  the  rotation  vectors  a{i)  up  to  the  third 
order,  we  obtain  the  desired  third-order  intersite  terms.  Using  the  short¬ 
hand  notations 


fl'(x)  =  a{Ri  +  x)  -  a{Ri), 
a',{-x)=a{Ri-x)-a{Ri),  (9) 

the  cubic  coupling  term  involving  one  O  —  O  bond  is 

iJ3[«L(z)  -  ,(z)  +  (10) 


The  other  1 1  nearest-neighbor  0—0  bonds  will  give  rise  to  1 1  other  terms 
and  the  overall  total-energy  contribution  can  be  expressed  as  £:A.cub  ^ 
where 


-  Kxi-y)  - 
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+  Kxi-y)  -  (ii) 

+  cyclic  permutations}. 

This  assumption  that  A/  is  solely  responsible  for  the  cubic  intersite 
interactions  significantly  simplifies  the  energy  expression  and  reduces  the 
number  of  expansion  parameters  from  three  to  one. 


C.  Coupling  .Energy 

There  are  three  kind  of  coupling  energy  terms:  those  between  FE  and 
elasticity,  between  FE  and  AFD,  and  between  AFD  and  elasticity, 

£:i"'=£:F-E  +  £:F-A+£-A-E  (J2) 

For  simplicity,  we  consider  only  on-site  couplings.  The  coupling  between/- 
and  Ui  has  been  given  by  Eq.  (14)  in  Sec.  II.  F  of  Ref.  [12]  Here, 

we  give  expressions  for  and 

The  coupling  between  elasticity  and  AFD  modes  at  lowest  order  can  be 
written  as 

{>?})  »?/(«, ■)[«■  +  a;.^(-x)a;.^(-x)] 

^  ilaP 

+  cyclic  permutations,  (13) 

where  the  short-hand  notation  of  Eq.  (9)  is  again  used,  and  fji  (/?,-)  is  the  six- 
component  local  strain  tensor  in  Voigt  notation  (t/i  =  e\u  ^74  =  2^23).  7?/(/?z) 
can  be  expressed  as  a  function  of  m,-  following  Sec.  II.  F  of  Ref.  [12]^^^^. 
is  a  fourth-order  coupling  tensor.  Because  of  the  symmetry,  there  are  only 
four  independent  coupling  constants  in  B 

B\yyx  —  B\2ZX  ~  B2xxy  “  -^2zz>'  “  B^XXZ  —  B^yyzi 

B2yyx  —  Bt,2zx  —  B\xxy  —  B^zzy  —  B\xxz  —  B^yyz-) 

B3,yyx  =  B22ZX  =  B^xxy  =  ■^lzz>’  =  ■^2jcjcz  =  B\yyz^ 

B^yzx  —  B^zyx  —  B^xzy  —  B^zxy  —  B^xyz  —  B^yxz'  (1^) 


All  other  elements  are  zero. 
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The  lowest-order  coupling  beween  and/-  is  linear  with  both  a,  and/.  It 
takes  the  form 

G^y  f^{Ri)[ay{Ri  +  z)  -  ay{Ri  -  z)] 
i 

+  cyclic  permutations .  (15) 

However,  in  the  AFD  state,  this  term  is  zero.  To  account  correctly  for  the 
coupling  between  and/,  it  is  necessary  to  include  higher-order  terms.  The 
lowest  non-zero  term  in  the  AFD  state  is  quadratic  in  both  a,-  and  /. 
Defining  Wi^x  by 

»’/.-  =  ?  E  \a.{Ri  +  d)-a,{R,)\  (16) 

and  similarly  for  Wi^y  and  we  can  write 

El-^  =  ^  [G^xxxfl^  +  Gxxyyflxi^ly  + 

i 

+  cyclic  permutations] .  (17) 

(In  principle  a  term  G^y^y  fi,x  fuy  Wi,y  could  also  be  included,  but  for 
practical  reasons  we  have  not  done  so  in  this  work).  In  summary,  up  to  the 
fourth-order  terms,  the  coupling  between  at  and  /  is  expressed  as 

^F-A^^F-A^^F-A_  (18) 

III.  FIRST-PRINCIPLES  CALCULATIONS 

The  expansion  parameters  in  the  model  Hamiltonian  can  be  obtained  from  a 
set  of  first-principles  calculations.  We  use  density-functional  theory  within 
the  local  density  approximation  (LDA).  The  technical  details  and 
convergence  tests  of  the  calculations  can  be  found  in  Ref.  [10].  The  use  of 
Vanderbilt  ultra-soft  pseudopotentials  allows  a  low-energy  plane-wave 
cutoff  to  be  used  for  first-row  elements,  and  also  allows  inclusion  of 
semicore  shells  of  the  metal  atoms.  This  makes  high-accuracy  large-scale 
calculations  of  materials  involving  oxygen  and  ?>d  transition-metal  atoms 
affordable.  A  generalized  Kohn-Sham  functional  is  directly  minimized  using 
a  preconditioned  conjugate-gradient  method  We  use  a  (6,  6,  6) 

Monkhorst-Pack  /c-point  mesh^^^  for  single-cell  calculations  (216  A:-points 
in  the  full  Brillouin  zone),  and  the  corresponding  smaller  sets  of  mapped  k- 
points  for  supercell  calculations.  All  expansion  parameters  are  computed 
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relative  to  the  cubic  structure  at  the  theoretical  equilibrium  lattice  constants 
given  in  Ref.  [10]. 

The  calculation  of  expansion  parameters  related  to  the  FE  modes  follows 
the  procedure  presented  in  Ref.  [12],  Sec.  III.  The  soft  mode  eigenvectors  for 
SrTiOs,  CaTi03,  and  NaNbOa  as  calculated  by  King-Smith  et  aL,  are 
summarized  in  Table  I.  The  calculated  expansion  parameters  for  the  FE 
modes  are  given  in  the  top  portion  of  Table  II.  (Note  that  as  an  expedient  we 
have  adopted  experimental  values  for  the  dielectric  constants  e^o  in  Table  II; 
typical  values  were  chosen  from  the  ranges  given  in  Ref,  [32]). 

The  calculation  of  the  AFD  expansion  parameters  follows  a  similar 
procedure  as  for  the  FE  ones.  The  AFD  eigenvector  itself  does  not  need  to 
be  calculated,  since  it  is  determined  by  symmetry.  The  EDA  total  energy  vs. 
AFD  distortion,  with  polarization  along  x  and  z,  and  at  A:-points  X  =  (tt/a, 
0, 0),  M  =  {nla,  Trja,  0)  and  R  =  (tt/a,  tt/^,  ttIo),  are  calculated.  The  arrange¬ 
ments  of  the  AFD  local  modes  are  the  same  as  for  the  FE-mode 
calculations  as  shown  in  Figures  3(a) -(f)  of  Ref.  [12].  However,  the 
arrangements  at  the  T  point  (Fig.  3(a)  of  Ref.  [12])  and  at  the  X  point  (Fig. 
3(b)  of  Ref.  [12])  involve  no  actual  distortions.  So  the  work  reduces  to  four 
10-atom  cell  calculations  and  two  20-atom  cell  calculations  needed  to 
determine  yf  ,7^  andy^  +  2y^.  The  decomposition  of 

and  follows  the  same  argument  as  for  the  FE  case.  It  is  difficult  to 
perform  sufficient  EDA  calculations  to  carry  out  the  decomposition,  and 
probably  not  very  important  to  do  so.  Instead,  we  rely  on  the  heuristic  that 
the  interaction  between  two  AFD  local  modes  should  be  minimal  (in 
practice,  zero)  when  they  are  so  arranged  that  reversing  one  of  them  induces 
a  minimum  bond-length  change.  For  the  AFD  case,  this  leads  to 
7^  -t-2/^  =  0,  allowing  jf  and  jj  to  be  obtained  separately.  The  fourth- 
neighbor  interaction  parameter  j  ^  is  obtained  from  EDA  calculations  on  a 
15-atom  supercell. 

As  mentioned  before,  we  need  to  include  the  effect  of  third-order  intersite 
coupling  in  the  effective  Hamiltonian  in  some  compounds  having  large  AFD 
distortions.  This  kind  of  interaction  generates  a  coupling  among  three 


TABLE  I  FE  soft-mode  eigenvectors  for  ABO3  cubic  perovskites  SrTiOa,  CaTiOa,  and 
NaNbOs.  0||  and  OX  indicate  oxygen  displacement  parallel  and  perpendicular  to  O — B  bond, 
respectively 


SrTiOi 

CaTiO^ 

NaNbOs 

a 

0.472 

0.698 

0.449 

Cb 

0.612 

0.330 

0.625 

Coil 

-0.287 

-0.157 

-0.232 

Co± 

-0.400 

-0.436 

-0.421 
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TABLE  II  Expansion  parameters  of  the  Hamiltonian  for  SrTiOs,  CaTiOs  and  NaNbOa. 
Energies  are  in  Hartree.  FE  local-mode  amplitudes  are  in  units  of  the  theoretical  lattice  constant 
{a  =  7.30  a.u.,  7.192  a.u.  and  7.396  a.u.  for  SrTiOa,  CaTiOs,  and  NaNbOs,  respectively 
AFD  local-mode  amplitudes  are  in  radians 


SrTiOi 

CaTiO^ 

NaNbOj 

FE  on-site 

K2 

0.0559 

0.0240 

0.0679 

a 

0.150 

0.023 

0.168 

7 

-0.191 

-0.006 

-0.256 

FE  intersite 

Ji 

-0.02034 

-0.01186 

-0.02378 

ji 

0.04274 

0.02750 

0.03078 

h 

0.005722 

0.002040 

0.006460 

Ja 

-0.003632 

-0.002886 

-0.005446 

Js 

0.004882 

0.001132 

0.004820 

U 

0.001416 

0.000672 

0.002358 

h 

0.000708 

0.000336 

0.001178 

FE  dipole 

T 

8.783 

6.768 

9.179 

eoo(expt.*) 

5.18 

5.81 

4.96 

ADF  harmonic 

4 

0.162238 

0.022244 

0.095852 

yf 

0.010526 

0.086972 

0.034884 

;A 

Jl 

0.000820 

0.000544 

0.002360 

-0.002782 

-0.001398 

-0.000272 

,A 

J  A 

-0.105414 

-0.112050 

-0.097678 

Ji 

0.009460 

0.010792 

0.009752 

yt 

0.002577 

0.001262 

-0.000318 

-0.001288 

-0.000632 

0.000160 

78 

0.013769 

0.013956 

0.014868 

AFD  3rd  Order 

Bz 

- 

0.0056 

0.0029 

AFD  4th  Order 

0.05433 

0.04970 

0.03775 

7^ 

0.04706 

0.02414 

0.04301 

Elastic 

Bu 

5.14 

5.15 

6.63 

Bn 

1.38 

1.22 

0.96 

B44 

1.56 

1.29 

1.07 

FE-E  coupling 

B\xx 

-1.41 

-0.59 

-1.71 

Blyy 

0.06 

0.06 

0.50 

B^yz 

-0.11 

-0.10 

0.00 

AFD-E  coupling 

n  A 

^\yyx 

0.260 

0.234 

0.316 

D  2 

^2yyx 

-0.068 

-0.008 

0.026 

D  A 

^3yyx 

0.000 

-0.034 

0.031 

»A 

^Ayzx 

0.044 

0.040 

-0.041 

FE-AFD  coupling 

Gxy 

0.0061 

-0.0001 

0.0014 

Gxxxx 

0.53 

0.72 

0.35 

Gxxyy 

0.11 

0.29 

0.06 

♦Ref,  [32]. 


distortions:  an  i?-point  mode  with  polarization  (110),  an  M-point 
irja,  0)  mode  polarized  along  (001),  and  an  A^-point(0,  0,  tt/a)  mode  polarized 
along  (110).  To  determine  the  strength  of  this  coupling,  we  carry  out  a 
calculation  with  the  above  i?-point  and  M-point  distortions  frozen  in  (20- 
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atom  supercell),  and  calculate  the  forces  of  l"-point  character.  We  find  that 
the  force  on  the  A-metal  atom  (Ca  or  Na)  is  non-zero,  and  opposite  in  sign 
to  the  force  on  the  oxygen  atom.  This  is  in  qualitative  agreement  with  the 
experimentally  observed  displacements  in  the  low-temperature  phase,  which 
are  also  opposite  in  sign.  We  then  calculate  the  projection  of  these  forces 
onto  the  X-point  mode,  under  the  simplifying  assumption  that  the  latter 
consists  of  equal-amplitude  out-of-phase  motion  of  the  two  atoms.  This 
projection  determines  our  third-order  intersite  coupling  parameter  ^3. 

The  calculation  of  the  anharmonic  coefficient  is  performed  with  an  R- 
point  distortion  polarized  along  (001).  Typically  a  set  of  eight  calculations 
are  performed  for  each  compound.  The  resulting  LDA  total  energy  is  fitted 
to  a  polynomial  Eo  +  C2a^  +  €40^  using  standard  least-squares  methods  to 
extract  k,2  ^  single  i?-point  calculation  with  polarization  in  the 

(111)  direction  is  used  to  extract  'y^. 

The  four  parameters  describing  the  coupling  between  AFD  modes  and 
elastic  strains  are  obtained  by  performing  four  more  10-atom  supercell 
calculations:  at  the  M-point,  a  ||  (001),  with  an  isotropic  strain  r?i  =  r/2  = 

773  =  0.01;  at  the  M-point,  a  ||  (001),  with  strain  771  =  0.01;  at  the  X-point,  a  || 
(001),  with  strain  771  =  0.01;  and  at  the  i^-point,  a  ||  (111),  with  strain 

774  =  775  =  776  =  0.01 .  Extra  care  has  been  taken  to  ensure  cancellation  of  errors 
due  to  A:-point  sampling  and  basis-size  differences  for  the  different  unit  cells 
involved. 

Finally,  the  coupling  between  FE  and  AFD  modes  are  determined  as 
follows.  The  harmonic  coupling  G^y  is  determined  by  considering  a 
geometry  in  which  the  primitive  cell  has  been  tripled  along  the  y  direction, 
and  for  which  is  non-zero  in  two  primitive  cells  and  ay  is  non-zero  in  the 
third.  The  anharmonic  couplings  Gxxxx  and  G^xyy  are  determined  from  a 
series  of  calculations  on  a  doubled-cell  configuration  in  which  /(T)  ||  (100) 
and  a(R)  ||  (100)  or  (010). 

The  calculated  parameters  for  all  three  compounds  are  listed  in  Table  II. 
We  note  that  the  intersite  interaction  parameters  between  AFD  local  modes 
have  a  much  stronger  anisotropy  than  those  between  FE  modes.  For  FE,  the 
j ’s  show  no  marked  anisotropy.  (Of  course,  when  the  Coulomb  interaction 
is  included,  the  actual  interaction  between  FE  modes  are  quite  anisotropic). 
On  the  other  hand,  for  the  first-neighbor  AFD  couplings,  yf'  is  more  than 
one  order  of  magnitude  larger  than y  which  is  reasonable  since y  2  involves 
no  distortion  of  oxygen  octahedra.  For  second  neighbors,  y  4  is  again  much 
larger  than  the  others,  confirming  that  the  distortion  of  oxygen  octahedra 
dominates  the  energy  for  AFD  distortions.  This  observation  that  the  in¬ 
plane  interaction  parameters  are  much  stronger  than  the  out-of-plane  ones 
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is  what  prompted  us  to  include  also  the  fourth-neighbor  in-plane  AFD 
interactions  in  the  effective  Hamiltonian. 


IV.  RESULTS 

After  the  expansion  parameters  have  been  determined  from  first-principles 
calculations,  the  finite-temperature  properties  of  the  compounds  can  be 
calculated  using  Metropolis  Monte-Carlo  (MC)  simulations  The  details 
of  the  MC  simulations  involving  FE  and  elastic  distortions  have  been 
described  in  Sec.  IV  of  Ref.  [12].  With  the  AFD  distortions  included,  of 
degrees  of  freedom  is  increased  from  6  to  9  per  unit  cell.  All  the  details  are 
very  similar,  the  main  difference  being  that  the  AFD  degrees  of  freedom 
introduce  many  more  possibilities  for  modes  which  may  go  soft.  The 
primary  candidates  for  soft  AFD  modes  are  three  modes  at  the  R-point  and 
one  mode  at  each  of  the  three  M  points,  all  of  them  involving  only  rigid 
rotations  of  oxygen  octahedra.  We  thus  have  to  consider  a  rather 
complicated  set  of  order  parameters,  and  we  anticipate  that  complex  phases 
may  form. 

The  results  for  the  three  different  compounds  SrTiOs,  CaTiOs,  and 
NaNb03  will  be  presented  in  the  three  following  subsections.  Because  of  the 
strong  sensitivity  of  structural  phase  transition  temperatures  to  the  lattice 
constant  and  the  well-known  ~  1  %  LDA  underestimate  of  lattice  constants, 
we  concentrate  on  presenting  calculated  transition  temperatures  and 
transition  sequences  at  the  experimental  lattice  constants.  We  thus  implicity 
apply  a  negative  fictitious  pressure  to  the  simulation  cell,  as  explained  in 
Sec.  IV  of  Ref.  [12]. 


A.  SrTiOa 

Thermodynamic  properties  for  this  compound  have  been  calculated  and 
published  in  Ref.  [14].  A  pressure  Eo  =  -5.4GPa  is  applied  to  restore  the 
experimental  lattice  constant.  A  transition  from  the  cubic  phase  to  a 
tetragonal  AFD  structure  at  130K,  and  two  further  FE  phase  transitions  at 
70  K  and  lOK,  were  predicted.  A  later  quantum  path-integral  MC 
simulation  revealed  that  quantum  fluctuations  suppress  the  FE  phases 
entirely,  and  reduce  the  AFD  phase  transition  temperature  to  llOK^^^^. 
This  gives  excellent  agreement  with  experiment,  which  reveals  a  single  AFD 
phase  transition  at  105  and  no  unambiguous  phase  transitions  (but 
the  presence  of  “quantum  paraelectric”  behavior  at  low  temperature. 
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Our  calculated  pressure-temperature  phase  diagram  showed  that  the  FE  and 
AFD  instabilities  have  opposite  trends  with  pressure,  and  FE  and  AFD 
instabilities  tend  to  suppress  each  other. 

We  have  performed  some  further  simulation  to  investigate  the  behavior  of 
the  AFD  and  FE  local  modes,  and  in  particular  the  nature  of  the  intersite 
correlations  for  FE  and  AFD  local  modes  in  the  cubic  phase  but  just  above 
the  phase  transition  temperature.  The  M-point  AFD  modes  do  not  appear 
to  be  important  for  SrTi03,  so  we  focus  on  the  two  vector  order  parameters 
/(F)  and  a(R)  associated  with  the  zone-center  FE  modes  and  the  zone- 
corner  AFD  modes.  Since  the  order  parameters  are  vectors,  the  correlation 
functions  are  second-rank  tensors.  These  can  be  calculated  from  our  simula¬ 
tions  as 

Sa0{x,  T,  z)  =  {va(xo,  jo,  ^o)v/3(xo  +  X,  To  +  T,  ^0  +  ^)>,  (19) 

where  the  average  is  taken  over  all  the  sites  Xq,  in  the  MC  simulation 
cell  and  over  all  MC  sweeps  t.  Here  the  denote  the  components  of  the  FE 
or  AFD  order  parameters  [fa  for  FE,  for  AFD,  where 

Ri  =  lx  +  my  +  nz].  We  can  get  a  good  picture  of  the  nature  of  the  correlation 
by  investigating  the  diagonal  elements  (a  =  /3)  only.  Since  the  three  Cartesian 
directions  are  equivalent,  it  suffices  to  present  Szz(x,y,z). 

In  Figure  1(a),  we  show  the  calculated  AFD  correlation  function 
T,  z)  in  the  two  planes  x-z  and  x-y  for  SrTiOs  at  T=  150K,  in 
the  cubic  phase  but  just  above  the  AFD  phase  transition  temperature  of 
130K.  We  find  that  the  correlations  are  quite  strong  in  the  x~y  plane,  with  a 
correlation  length  of  about  three  lattice  constants.  Along  the  z  direction, 
even  the  nearest-neighbor  vectors  are  almost  completely  uncorrelated.  Thus, 
the  shape  of  the  “equal  correlation  surface”  for  AFD  local  modes  is  disc¬ 
like.  This  is  easy  to  understand  on  the  basis  of  the  RUM  picture  Since  the 

AFD  local  modes  involve  a  rotation  of  oxygen  octahedra,  and  any 
distortion  of  the  oxygen  octahedra  involves  a  large  energy  cost  (as  shown  by 
the  large  magnitude  of 71,74,  and  js),  the  AFD  octahedral  rotations  about  z 
correlate  strongly  in  the  x-y  direction.  On  the  other  hand,  the  rigidness  of 
the  octahedra  does  not  impose  any  relation  between  z-polarized  AFD 
modes  in  different  z  planes  (as  reflected  in  the  very  small  72).  Thus,  the 
pancake-like  correlation  naturally  results. 

Figure  1(b)  shows  the  corresponding  FE  correlation  function  y,  z) 

for  SrTiOs  at  T=  150K  (the  FE  phase  transition  occurs  at  70  K).  Its 
behavior  is  just  the  reverse  of  the  AFD  modes,  being  strong  along  the  z 
direction  and  weak  in  the  x-y  plane,  and  resulting  in  a  needle-shaped  “equal 
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FIGURE  1  (a)  Intersite  correlations  of  AFD  local  modes  (fl^(0,  0,  y,  z))  in  SrTiOs  at 

r  =  150K.  The  correlations  in  the  ;c-z  plane  (y  =  0,  top)  and  the  x-y  plane  (z  =  0,  bottom)  are 
shown.  Each  small  square  represents  one  lattice  site;  the  origin  lies  at  the  center.  Grey  scale 
denotes  the  degree  of  correlation;  black  for  perfect  correlation,  white  for  zero  correlation,  (b) 
Same  for  FE  local-mode  correlations  {/^(O,  0,  0)/^(x,  y,  z)}.  (c)  Corresponding  FE  local-mode 
correlations  in  BaTiOa  at  T=  320  K. 


correlation  surface”.  This  behavior  is  a  direct  consequence  of  the 
anomalously  large  mode  effective  charges  in  the  cubic  perovskite 
compounds  which  strongly  suppress  the  longitudinal  FE  fluctuations 
and  lead  to  the  strong  correlation  of in  the  z  direction.  On  the  other  hand, 
the  transverse  FE  modes  can  easily  go  soft,  resulting  in  a  short  correlation 
length  for  in  the  x-y  plane. 

The  above  picture  of  the  correlation  functions  for  AFD  and  FE  local 
modes  are  presumably  quite  general  for  the  cubic  perovskite  compounds.  For 
the  FE  modes,  we  decided  to  repeat  the  calculations  for  the  case  of  BaTiOs, 
where  the  AFD  instability  does  not  intervene.  We  shown  in  Figure  1(c)  the 
correlation  function  calculated  in  the  cubic  phase  at  T  =  320  K,  about  20  K 
above  the  FE  phase  transition  temperature.  We  can  see  the  behavior  of  the 
correlations  is  again  needle-like  and  even  more  pronounced  than  for  SrTi03, 
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presumably  because  we  are  closer  to  the  FE  transition  temperature.  (An 
elongated  supercell  was  used  to  accomodate  the  correlations  in  this  case). 

As  was  done  for  the  FE  modes  in  BaTiOs,  it  is  revealing  to  compute  the 
equilibrium  distribution  of  one  cartesian  component  of  the  AFD  order 
parameter  a(R)  in  the  cubic  phase  just  above  the  phase  transition  temperature 
in  SrTiOs-  This  is  shown  in  Figure  2,  where  it  can  be  seen  that  the  distribution 
looks  approximately  Maxwellian.  This  is  indicative  of  a  transition  having  a 
character  much  closer  to  the  displacive  than  to  the  order-disorder  limit. 


B.  CaTi03 

CaTi03  is  one  of  the  more  complicated  perovskites.  Experimentally,  it  is 
found  to  have  two  stable  phases,  an  orthorhombic  phase  at  lower  T  and  a 
cubic  phase  above  1530K*^^^^.  Some  recent  experiments  suggest  that  the 
transition  is  to  a  highly  disordered  cubic  phase  The  room-temperature 
orthorhombic  phase  has  a  very  complicated  structure  with  a  20-atom  unit 
cell.  The  displacements  of  all  the  atoms  away  from  their  ideal  positions  have 
been  determined  in  Ref.  [29].  The  refined  structure  as  a  function  of 
temperature  has  also  been  determined  recently  using  X-ray  diffraction 
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FIGURE  2  The  probability  distribution  of  the  Cartesian  component  of  the  local-mode 
variable  for  SrTiOs  in  the  cubic  phase  at  T  =  140  K  (dashed  line)  and  150  K  (solid  line). 
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FIGURE  3  (a)  Calculated  AFD  order  parameters  a(R)  of  CaTiOs  vs.  Tat  Pq - ll.SGPa. 

(b)  Calculated  FE  and  AFD  order  parameters  of  NaNbOs  vs.  T  at  Po  =  -  4.3  GPa. 


This  complicated  structure  can  be  decomposed  into  a  simultaneousjreezing 
in  of  three  AFD  modes:  an  i?-point  mode  polarized  along  (110)  with 
rotation  angle  0.20  (angles  in  radians),  an  M-point  mode  polarized  along 
(001)  with  rotation  angle  0.14,  and  an  X-point  mode  polarized  along  (110). 
The  X-point  mode  involves  not  only  the  rotation  of  oxygen  octahedra,  but 
also  an  associated  displacement  of  Ca  atoms.  The  ratio  of  O  and  Ca 
displacement  is  about  1:— 3  and  the  oxygen  octahedral  rotation  angle  is  only 
about  0.03. 

For  such  a  complicated  structure,  even  a  complete  first-principles 
determination  of  its  T=  0  structure  would  be  very  difficult.  However,  we 
can  arrive  at  a  partial  understanding  of  this  structure  as  follows.  Our 
calculations  show  that  the  reference  cubic  structure  is  unstable  towards 
either  the  i?-point  or  the  M-point  AFD  mode  individually  (negative  u?), 
whereas  it  is  stable  with  respect  to  the  X-point  mode  individually  ( positive 
no  double-well  behavior).  In  fact,  the  X-point  mode  involves  a  strong 
distortion  of  the  oxygen  octahedron  and  thus  is  far  from  soft.  However,  the 
symmetry  of  the  crystal  is  such  that  if  both  the  i?-point  and  M-point  AFD 
mode  distortions  are  already  simultaneously  present,  then  the  Ca  and  O 
atoms  experience  forces  in  the  pattern  of  the  2f-point  mode,  as  a  result  of  the 
cubic  anharmonic  interactions  discussed  in  Sec.  II.  B.  Thus,  under  these 
conditions  the  crystal  would  necessarily  acquire  some  X-point  mode 
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distortion.  We  therefore  conclude  that  the  appearance  of  the  X-point  mode 
distortion  must  be  the  result  of  the  third-order  coupling  between  R-,  M-, 
and  Jif-point  AFD  modes.  This  is  a  major  reason  why  we  chose  to  include 
the  third-order  coupling  in  our  model  Hamiltonian.  The  strain  coupling  is 
expected  to  be  important  in  the  determination  of  the  actual  magnitude  of  the 
Z-mode  distortion,  complicating  the  problem  and  making  a  complete 
quantitative  LDA  determination  of  the  JT-mode  amplitude  difficult. 

To  obtain  the  phase  transition  sequence,  we  start  the  MC  simulation  at  a 
high  temperature  (T  >  2000  K)  and  equilibrate  the  system  for  10,000  MC 
sweeps.  An  isotropic  pressure  Po^“ll-3GPa  is  imposed  to  restore  the 
experimental  lattice  constant,  and  all  the  subsequent  simulations  are  done 
under  this  pressure.  The  temperature  is  reduced  in  small  steps  (as  small  as 
10  K  around  the  transition  temperature)  with  30,000  MC  sweeps  at  each  T 
to  ensure  equilibration.  The  order  parameters  are  accumulated  over  the  last 
20,000  MC  sweeps,  after  checking  that  they  do  not  vary  significantly  over 
this  period.  In  our  simulation,  we  find  that  except  for  the  i?-point  AFD 
order  parameters  a(R),  all  other  FE  or  AFD  order  parameters  are  zero 
throughout  the  simulation.  So  the  only  phase  transition  we  observe  is 
associated  with  a(R).  Figure  1(a)  shows  the  calculated  order  parameters 
a{R)  as  a  function  of  temperature.  (What  we  actually  plot  are  the  averaged 
maximum,  intermediate,  and  minimum  absolute  values  of  the  order- 
parameter  components).  At  high  temperature  {T  >  1800K)  the  system  is 
in  the  cubic  structure,  where  all  the  components  are  zero.  The  material  goes 
through  a  phase  transition  at  1750  K,  where  all  three  order  parameter 
components  increase  simultaneously.  Our  phase  transition  temperature  is 
close  to  the  experimentally  measured  1 530  K,  but  we  obtain  the  wrong  low- 
temperature  structure.  Ours  is  rhombohedral  with  a  10-atom  cell,  instead  of 
orthorhombic  with  a  20-atom  cell  as  observed  experimentally. 

The  difference  between  our  theoretical  result  and  experiment  is  not  quite 
as  dramatic  as  it  might  seem.  Hot  the  structure  and  the  structural  energy  are 
very  similar  for  the  /?-point  and  the  M-point  AFD  mode  polarized  along 
(001).  Note  that  in  the  observed  structure,  the  amplitude  of  the  M-point 
mode  is  about  V2/2  times  the  amplitude  of  the  ^-point  mode  polarized  in 
the  (110)  direction.  Thus,  we  can  say  that  the  main  difference  between  our 
calculated  structure  and  the  observed  one  is  that  one  component  of  the  R- 
point  AFD  mode  is  replaced  by  an  M-point  mode  in  the  observed  structure. 
As  argued  above,  the  additional  presence  of  the  X-mode  is  just  a  result  of 
third-order  anharmonic  coupling.  In  fact,  we  find  that  if  we  artificially 
increase  the  third-order  coupling  constant  Bi,  by  a  factor  of  5,  we  recover  the 
experimental  T  =  0  structure  in  our  MC  simulations. 
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Clearly,  the  fact  that  the  structure  is  strongly  affected  by  relatively  weak 
anharmonic  intersite  interactions  make  the  determination  of  the  correct  low- 
temperature  phase  very  difficult  in  CaTiOa.  It  is  possible  that  a  more  careful 
treatment  of  the  cubic  intersite  interactions  (for  example,  an  independent 
determination  of  the  coupling  constants  associated  with  all  three  of  the 
cubic  anharmonic  invariants  discussed  in  Sec  11.  B,  or  three-site  or  further- 
neighbor  terms)  might  bring  a  better  agreement  with  experiment,  although 
one  should  not  rule  out  the  possibility  that  neglect  of  quantum 
fluctuations  or  intrinsic  limitations  of  the  LDA  might  be  at  fault. 


C.  NaNbOa 

Experimentally,  NaNbOa  is  probably  the  most  complex  cubic  perovskite 
known.  The  high-temperature  phase  is  the  simple  prototype  cubic  structure 
as  in  the  other  cubic  perovskites.  Below  910  K,  a  whole  series  of  structural 
phase  transitions  has  been  found  and  at  least  six  more  phases  have  been 
identified.  As  the  temperature  decreases,  the  compound  first  goes  through  a 
cubic -tetragonal  transition  at  910  K  with  freezing  in  of  a(R)  modes 
polarized  along  one  axis.  There  are  then  three  orthorhombic  phases  present 
in  the  temperature  range  845- 638  K,  the  most  complicated  having  a  unit 
cell  containing  24  NaNbOs  formula  units.  All  of  these  phases  can  be 
regarded  as  given  by  rigid  rotations  of  oxygen  octahedra,  accompanied  by 
small  induced  l"-point  distortions.  From  638  K  down  to  at  least  170K, 
NaNbOs  is  anti  ferroelectric  with  an  orthorhombic  unit  cell  containing  eight 
formula  units.  At  even  lower  temperature,  the  crystal  has  been  reported  to 
transform  into  either  a  rhombohedral  or  monoclinic  structure. 

The  complexity  of  the  structural  phase-transition  sequence  suggests  the 
presence  of  several  competing  structural  instabilities  with  very  similar  free 
energies.  In  principle,  all  the  distortions  involved  in  the  observed  structures 
of  NaNb03  are  included  in  our  model.  However,  it  is  not  realistic  to  expect 
that  the  calculated  structural  energies  and  free  energies  will  be  in  exactly  the 
right  order,  given  the  complexity  of  the  problem  and  the  level  of  accuracy  of 
current  first-principle  based  approaches.  Nevertheless,  we  believe  a  first- 
principles  study  of  NaNbOa  is  still  important  in  identifying  the  most 
prominent  distortions,  as  well  as  for  demonstrating  the  limitations  of  such 
approaches. 

The  determination  of  the  structure  is  done  using  MC  simulations  on  a 
cubic  12x12x12  simulation  supercell.  An  isotropic  pressure  Po  = 
— 4.3GPa  is  imposed  to  restore  the  experimental  lattice  constant,  and  all 
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the  subsequent  simulations  are  done  under  this  pressure.  We  start  the 
simulation  at  very  high  temperature  and  equilibrate.  The  temperature  is 
reduced  in  small  steps  ranging  from  10  K  to  50  K  depending  on  proximity  to 
a  phase  transition.  At  each  temperature  step,  at  least  40,000  MC  sweeps  are 
used  to  ensure  that  equilibrium  is  reached.  The  order  parameters  are 
accumulated  over  the  last  30,000  MC  sweeps. 

The  calculated  averages  of  order  parameters  a(R)  and  /(T)  are  shown  in 
Figure  1(b)  as  a  function  of  temperature.  All  other  modes  are  found  to  be 
zero  throughout  the  simulation.  As  was  the  case  for  CaTiOs,  the  averaged 
maximum,  intermediate,  and  minimum  absolute-value  components  are 
plotted.  At  high  temperature  (T  >  80  K),  the  system  is  in  the  cubic  structure 
with  all  the  order-parameter  components  close  to  zero.  As  T  decreases  to 
about  700  K,  one  AFD  component  increases  rapidly  and  becomes 
significantly  non-zero,  and  the  structure  transforms  from  cubic  to 
tetragonal.  With  further  decrease  of  temperature,  a  second  component 
became  non-zero,  indicating  the  occurrence  of  an  orthorhombic  phase. 
Below  560  K,  a  third  AFD  component  grows  and  the  structure  becomes 
rhombohedral.  At  very  low  temperature  (below  50  K),  the  simulation  also 
apparently  shows  a  sequence  of  three  ferroelectric  transitions,  and  the 
compound  ends  up  in  a  rhombohedral  ferroelectric  structure  at  very  low 
temperature. 

Our  first  cubic-tetragonal  phase  transition  compares  favorably  with 
experiment;  we  obtain  the  correct  structure  and  underestimate  the  transition 
temperature  by  only  ~20%.  In  the  orthorhombic  phase,  however,  the 
calculated  structure  is  much  simpler  than  the  observed  one.  Only  one 
orthorhombic  phase  seems  to  occur  in  our  simulation.  However,  Figure  1(b) 
shows  signs  of  fluctuations  occurring  in  the  vicinity  of  this  phase  (these 
fluctuations  persist  even  if  the  number  of  MC  sweeps  is  increased 
significantly).  This  indicates  that  the  orthorhombic  phase  is  not  very  stable, 
and  may  involve  a  mixing  of  different  phases.  Moreover,  the  transitions  do 
not  appear  very  distinct  in  Figure  1(b)  as  a  result  of  finite-size  broadening, 
so  increasing  the  lattice  size  may  help  to  resolve  the  different  phases. 
However,  the  computational  load  increases  rapidly  with  increasing  lattice 
size,  and  it  becomes  impractical  to  carry  out  simulations  at  much  larger  size. 
Our  inability  to  get  the  correct  AFE  phase  at  room  temperature  is  probably 
the  most  significant  failure  of  our  approach.  Our  zero-temperature  structure 
is  ferroelectric,  but  since  the  FE  phases  occur  only  at  such  low  temperatures, 
it  is  likely  that  quantum  fluctuations  would  need  to  be  included  to  determine 
the  actual  low-temperature  structure 
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V.  DISCUSSION  AND  CONCLUSION 

In  this  and  previous  studies,  we  perform  a  series  of  ab  initio  studies  of  the 
thermodynamic  properties  of  perovskite  compounds.  Without  introducing 
any  adjustable  parameters,  we  have  calculated  structural  transition  sequences, 
transition  temperatures,  phase  diagrams,  and  other  thermodynamic  proper¬ 
ties  based  on  first-principles  calculations.  For  compounds  with  simple  phase 
transitions,  like  BaTiOs  and  SrTi03,  our  calculated  thermodynamic  proper¬ 
ties  agree  very  well  with  experimental  observations.  For  more  complicated 
compounds  like  CaTiOs  and  NaNbOs,  our  results  are  less  satisfying. 

There  are  two  major  sources  of  errors,  the  inaccuracy  of  LDA 
calculations  and  the  imperfection  of  our  models.  Our  LDA  calculations 
have  been  carefully  performed  to  avoid  possible  errors,  and  convergence  has 
been  carefully  tested.  As  for  the  intrinsic  accuracy  of  LDA,  our  calculated 
structural  parameters  and  energies  are  within  a  few  percent  of  experimental 
values.  Although  this  is  the  usual  high  accuracy  observed  generally  for  the 
LDA,  it  is  unfortunately  not  enough  for  truly  accurate  determination  of  the 
thermodynamic  properties  of  perovskites.  For  example,  it  is  embarrassing 
that  we  are  forced  to  choose  between  carrying  out  the  calculations  at  the 
theoretical  equilibrium  lattice  constant  or  the  experimental  lattice  constant 
(negative  fictitious  pressure);  this  choice  can  affect  phase  transition 
temperatures  by  ~100%.  We  regard  this  as  being  the  most  important 
probable  source  of  error  in  our  calculations. 

It  is  also  possible  to  improve  our  model  Hamiltonian.  For  example,  our 
restricted  assumption  for  the  form  of  the  third-order  intersite  interactions 
may  be  lifted,  resulting  in  a  significantly  more  complicated  model 
Hamiltonian.  Also,  other  higher-order  terms  can  be  included  in  the 
Hamiltonian.  It  would  also  be  possible  to  include  more  degrees  of  freedom 
per  cell,  or  include  eigenvector  information  from  more  A:-points  of  the 
Brillouin  zone  when  defining  the  local-mode  vectors,  to  treat  other  phonon 
excitations  more  accurately  However,  in  view  of  the  current  accuracy  of 
first-principles  calculations,  we  are  not  sure  that  these  modifications  would 
dramatically  improve  our  results. 

Finally,  we  emphasize  that  all  of  the  MC  simulations  reported  here  treat 
the  atomic  motion  puely  classically.  As  mentioned  above,  we  have  recently 
reported  results  of  quantum  path-integral  MC  simulations  showing  that 
quantum  fluctuations  of  the  atornic  coordinates  (i.e.,  zero-point  motion)  can 
shift  transition  temperatures  by  tens  of  degrees,  and  in  some  cases  even 
eliminate  delicate  phases  Certainly  this  remains  an  important  avenue  of 
investigation  for  CaTiOa  and  NaNbOs,  but  we  nevertheless  think  it  unlikely 
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that  inclusion  of  quantum  fluctuations  would  immediately  resolve  the 
discrepancies  with  the  experimental  phase  diagrams  for  these  compounds. 

In  conclusion,  we  have  extended  our  previous  first-principles  theory  for 
perovskite  ferroelectric  phase  transitions  to  treat  also  antiferrodistortive 
transitions.  We  apply  this  approach  to  the  three  cubic  perovskite 
compounds  SrTiOs,  CaTiOa,  and  NaNb03,  and  calculate  their  thermo¬ 
dynamic  properties  including  phase  transition  sequences  and  transition 
temperatures.  For  SrTi03,  our  calculated  results  are  in  good  agreement  with 
experiment.  For  CaTi03  and  NaNb03,  our  calculated  structural  transitions 
have  the  correct  general  trend  and  the  transition  temperatures  are  in  rough 
agreement  with  experiment,  but  the  calculated  transition  sequences  are  not 
correct  in  detail.  We  attribute  this  to  the  larger  distortions  and  many 
multiple  competing  instabilities  in  these  compounds.  For  SrTi03,  we  also 
analyzed  the  intersite  correlations  for  both  FE  and  AFD  local  modes, 
finding  needle-like  and  pancake-like  correlations  respectivley  for  FE  and 
AFD  modes  as  expected  on  physical  grounds. 
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The  phonon  dispersion  curves  of  cubic  BaTiOs  have  been  computed  within  a  first-principles 
approach  and  the  results  compared  to  the  experimental  data.  The  curves  obtained  are  very 
similar  to  those  reported  for  KNbOs  by  Yu  and  Krakauer  {Phys.  Rev.  Lett.,  74,  4067  (1995)). 
They  reveal  that  correlated  atomic  displacements  along  (100)  chains  are  at  the  origin  of  the 
ferroelectric  instability.  A  simplified  model  illustrates  that  spontaneous  collective  displacements 
will  occur  when  a  dozen  of  aligned  atoms  are  coupled.  The  longitudinal  interatomic  force 
constant  between  nearest  neighbour  Ti  and  O  atoms  is  relatively  weak  in  comparison  to  that 
between  Ti  atoms  in  adjacent  cells.  The  small  coupling  between  Ti  and  O  displacements  seems 
however  necessary  to  reproduce  a  linear  ferroelectric  instability. 

Keywords:  BaTiOs;  phonon  dispersions  curves;  ferroelectric  instability;  density  functional 
theory;  linear  response 


1.  INTRODUCTION 

Barium  titanate  (BaTiOa)  is  well  known  to  exhibit  three  ferroelectric  phase 
transitions:  stable  at  high  temperature  in  a  perovskite  cubic  phase,  its 
structure  becomes  successively  tetragonal,  orthorhombic  and  finally 
rhombohedral  as  the  temperature  goes  down.  Many  works  investigated 
and  discussed  the  origin  of  its  ferroelectric  phase  transitions  Amongst 
them,  the  most  gratifying  contribution  was  probably  due  to  Cochran  who 
associated  the  ferroelectric  instability  with  the  softening  of  a  transverse  optic 
phonon,  and  emphasized  the  connection  between  the  structural  instability 
and  the  lattice  dynamics. 
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Consequently  to  Cochran’s  work,  a  large  amount  of  experiments  have 
been  performed  in  order  to  confirm  the  existence  of  a  soft  ferroelectric  mode 
in  BaTi03.  They  include  infrared  and  Raman  measurements  of  the  T 
phonon  modes  as  well  as  various  neutron  diffraction  data  These 

experiments  focused  on  the  temperature  behaviour  of  the  soft  phonon  and 
were  mainly  concerned  by  the  low  frequency  modes:  only  a  few  results  are 
available  for  the  higher  energy  vibrations. 

Simultaneously,  theoretical  phonon  dispersion  curves  were  deduced  from 
fits  to  the  experimental  data  using  different  shell  models.  Let  us  mention  the 
pseudo-ionic  model  developped  by  Gnininvi  and  Bouillot  or  the  rigid- 
shell  model  used  by  Jannot  et  al.  These  models  were  however  not 
particularly  suited  to  describe  ABO3  crystals,  like  BaTi03.  Migoni,  Bilz  and 
Bauerle  pointed  out  that  the  behaviour  of  the  ferroelectric  soft  mode  in 
the  oxidic  perovskites  originates  from  the  unusual  anisotropic  polarizability 
of  the  oxygen  that,  in  turn,  may  be  connected  to  hybridization  between  0-2p 
and  B-d  states.  Consequently,  a  more  sophisticated  “polarizability  model” 
was  introduced  in  order  to  include  the  specific  physical  features  of  ABO3 
compounds.  The  application  of  this  model  to  BaTi03  was  reported  by 
Khatib  et  al  In  their  work,  they  obtained  a  full  phonon  band  structure 
and  investigated  the  temperature  behaviour  of  the  ferroelectric  soft  mode. 
However,  their  interesting  results  still  remained  at  a  semi-empirical  level. 

Since  a  few  years,  theoretical  advances  have  enabled  one  to  determine  the 
phonon  dispersion  curves  of  solids  within  a  truly  first-principle  approach. 
Recently,  ab  initio  results  have  been  reported  for  KNbOs  and  SrTi03 
Similarly,  in  this  paper,  we  investigate  the  lattice  dynamics  of  BaTi03. 

Our  phonon  frequencies  compare  well  with  the  experimental  data 
available.  Moreover,  our  dispersion  curves  are  very  similar  to  those 
reported  for  KNb03  a  perovskite  material  presenting  the  same  sequence 
of  phase  transitions  as  BaTi03.  In  particular,  the  wave  vector  of  the 
unstable  phonon  modes  remains  located  in  three  (110)  slab  region  of  the 
Brillouin  zone,  emphasizing  a  chain-structure  instability  in  real  space 
This  behaviour  is  illustrated  with  a  simplified  model.  The  range  and 
anisotropy  of  the  interatomic  force  constants  are  also  discussed. 


2.  TECHNICALITIES 

Our  calculations  have  been  performed  in  the  general  framework  of  the 
density  functional  formalism  The  exchange-correlation  energy  func¬ 
tional  was  evaluated  within  the  local  density  approximation,  using  a 
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polynomial  parametrization  of  Ceperley-Alder  homogeneous  electron 
gas  data. 

We  used  a  plane-wave  pseudopotential  approach.  The  all-electron 
potentials  were  replaced  by  the  same  extended  norm  conserving  highly 
transferable  pseudopotentials  as  in  Ref.  [20].  We  have  considered  5s,  5p  and 
6s  as  valence  states  to  build  the  Ba  pseudopotential,  3s,  3p,  3d  and  4s 
valence  states  for  the  Ti  pseudopotential  and  2s  and  2p  valence  states  for  the 
O  pseudopotential.  The  electronic  wave  function  was  expanded  in  plane 
waves  up  to  a  kinetic  energy  cutoff  of  45  Hartree  (about  6200  plane  waves). 
Integrals  over  the  Brillouin  zone  were  replaced  by  sums  on  a  mesh  of  6x6x6 
special  A:-points 

The  dynamical  matrix,  Born  effective  charges  and  dielectric  tensor  were 
computed  within  a  variational  formulation  of  the  density  functional 
perturbation  theory  First,  calculations  were  carried  out  to  determine  the 
dynamical  matrix  on  different  meshes  of  ^-points.  Then,  an  interpolation 
was  performed  following  the  scheme  proposed  in  Ref.  [24,  25]. 

This  technique  takes  properly  into  account  the  long-range  behaviour  of 
the  dipole-dipole  interaction  which  is  separated  from  the  remaining  short- 
range  forces  owing  to  the  knowledge  of  the  Born  effective  charges  and  the 
optical  dielectric  tensor. 

An  insight  into  the  convergence  reached  on  the  phonon  dispersion  curves 
is  reported  in  Figure  1.  The  frequencies  deduced  from  the  dynamical  matrix 
at  ^  =  (0.125,  0.125,  0.125)  and  ^  =  (0.375,  0.375,  0.375)  are  compared  to 
those  extrapolated  from  two  different  meshes  of  ^-points:  the  first  mesh 
(Ml)  includes  T  (0,  0,  0),  X  (0.5,  0,  0),  M  (0.5,  0.5,  0)  and  R  (0.5,  0.5,  0.5) 
points;  the  second  mesh  (M2)  is  the  cubic  mesh  Ml  to  which  the  A  (0.25, 
0.25,  0.25)  point  was  added.  We  obtain  a  very  good  convergence  with  the 
M2  mesh. 


3.  THE  PHONON  DISPERSION  CURVES 

Our  calculations  are  performed  at  the  experimental  lattice  parameter  of  4.00 
A.  This  choice  facilitates  the  comparison  with  the  experimental  data.  Some 
indication  on  the  volume  dependence  of  the  phonon  frequencies  can  be 
found  in  Ref.  [26],  where  the  frequencies  of  the  V  phonons  at  different  lattice 
constants  have  been  compared. 

First,  we  present  in  Table  I  the  Born  effective  charges  and  the  optical 
dielectric  constant  important  ingredients  of  the  present  study  since  their 
knowledge  allows  to  identify  the  long-range  part  of  the  interatomic  force 
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FIGURE  1  Convergence  achieved  on  the  calculated  phonon  dispersion  curves  of  cubic 
BaTiOs  along  the  F-i?  line.  The  open  symbols  correspond  to  ^-points  included  in  the  Ml  (circle) 
and  Ml  (circle  +  square)  meshes  used  to  extrapolate  the  curves  (Ml:  dotted  lines;  M2:  full  lines). 
The  filled  symbols  are  assoeiated  to  points  not  included  in  the  M2  mesh:  they  illustrate  that  a 
satisfactory  convergence  is  obtained  with  the  Ml  mesh. 


TABLE  I  Born  effective  charges  and  optical  dielectric  constant  of  cubic  BaTiOs  at  the 
experimental  volume 


Experiment 

Present 

Zhong  et  al* 

+  1.T 

+  2.74 

+  2.75 

z*. 

+  7.32 

+  7.16 

-2.4^ 

-2.14 

-2.11 

-4.8^ 

-5.78 

-5.69 

Soo 

5.40^ 

6.75 

- 

Ref.  [28],  Ref  432].  *  Ref  [29]. 


constants  and  makes  the  interpolation  of  phonon  frequencies  tractable.  For 
Ba  and  Ti  atoms,  the  effective  charge  tensor  is  isotropic.  For  O,  the  two 
independent  components  of  the  tensor  correspond  respectively  to  a 
displacement  of  the  atom  parallel  and  perpendicular  to  the 
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Ti  — O  bond.  (  +  7.32)  and  (-5.78)  are  anomalously  large  P®'  ^*"“1 

with  respect  to  the  nominal  ionic  charges  (  +  4  for  Ti  and  -2  f6r  O).  This 
surprising  phenomenon  was  explained  recently  in  connection  within 
dynamic  changes  of  hybridization  between  0-2p  and  Ti-3d  orbitals 
This  specific  feature  is  at  the  origin  of  a  large  destabilizing  dipole-dipole 
interaction,  connected  to  the  anomalous  mode  effective  charge  and  the 
instability  of  the  ferroelectric  mode 

Our  computed  optical  dielectric  constant  (6.75)  largely  overestimates  the 
experimental  value  (5.40)  as  usual  within  the  local  density  approxima¬ 
tion.  This  discrepancy  will  essentially  affect  the  position  of  the  highest 
longitudinal  optic  mode:  when  replacing  the  theoretical  dielectric  constant 
by  the  experimental  value,  its  frequency  at  the  T  point  changes  from  631  to 
696  cm“\  At  the  opposite,  the  frequencies  of  the  two  other  longitudinal 
modes  at  the  T  point  are  affected  by  less  than  2  cm“^ 

The  calculated  phonon  dispersion  curves  are  plotted  along  high  symmetry 
directions  in  Figure  2.  The  F-X,  T-M  and  T-R  lines  are  along  the  (100), 
(110)  and  (111)  directions,  respectively.  The  unstable  modes  associated  to  a 
negative  curvature  of  the  energy  hypersurface  have  imaginary  phonon 
frequencies.  The  frequencies  at  the  high  symmetry  points  are  reported  in 
Table  II. 

Our  result  can  be  compared  to  the  experimental  data  id  However,  a 
complication  arises  from  the  fact  that  all  the  experimentally  observed 

TABLE  II  Computed  phonon  frequencies  (cm“’)  of  cubic  BaTiOa  at  F,  X,  M  and  R. 
Symmetry  labels  follow  the  convention  of  Ref.  [33] 


q-point 

label 

frequency 

label 

frequency 

r 

r,5(TO) 

219/ 

r25 

281 

r,5(A) 

0 

FisCLO) 

445 

r,5(LO) 

159 

r,5(TO) 

453 

r,5(TO) 

166 

r,5(LO) 

631 

X 

189/ 

^3 

322 

^5' 

104 

330 

A'a' 

146 

^5 

421 

A's 

194 

517 

A'l 

260 

627 

M 

My 

167/ 

Ms 

344 

My 

103 

M2 

354 

My 

104 

My 

435 

Ms 

208 

M, 

456 

My 

270 

M4 

683 

My 

333 

R 

Rx5 

128 

Rjy 

386 

R25 

182 

Ri5 

414 

Rn' 

314 

Ry 

717 
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FIGURE  2  Calculated  phonon  dispersion  curves  of  cubic  BaTiOs  at  the  experimental  lattice 
constant.  The  theoretical  result  shows  a  reasonable  agreement  with  the  experimental  data:  (•) 
Ref.  [3],  (O)  Ref.  [6],  (  +  )  Ref.  [7],  (□)  Ref.  [8],  (x)  Ref.  [9],  (V)  Ref.  [10],  (A)  Ref.  [11]. 


vibrational  excitations  have  a  real  frequency  while  the  computed  unstable 
modes  are  obtained  with  an  imaginary  frequency.  As  the  soft  mode  can  be 
clearly  identified  by  its  symmetry,  the  associated  experimental  frequencies 
were  removed  from  the  comparison,  for  clarity.  In  the  low  frequency  region, 
the  presence  of  this  additional  soft  mode  may  have  slightly  modified  the 
frequency  of  the  other  modes.  In  spite  of  these  difficulties  we  observe  a  good 
correspondence  between  our  theoretical  frequencies  and  the  experimental 
data,  especially  for  the  acoustic  modes  for  which  a  large  variety  of  data  are 
available. 

The  ferroelectric  phase  transitions^  are  driven  by  the  unstable  phonon 
modes.  We  are  therefore  mainly  concerned  by  the  analysis  of  these  specific 
phonons.  Two  transverse  optic  modes  are  unstable  at  the  T  point:  they 
correspond  to  a  displacement  of  the  Ti  atom  against  the  oxygen  cage.  The 
associated  displacement  eigenvector  is  equal  to  [(5(Ba)  = -0.002, 
g(Ti)  = -0.096,  6(Oi)= +0.158,  5(02)  =  6(03)= +0.071]  These  two 
modes  remain  unstable  all  along  the  V-X  line,  with  very  little  dispersion. 
One  of  them  stabilizes  along  the  T-M  and  X-M  lines.  Examination  of  the 
eigenvectors  reveals  that  the  unstable  mode  at  the  Af(0.5,  0.5,  0)  point  is 
polarized  along  the  z-direction:  its  displacement  eigenvector  is  equal  to 
[^(XiJ  =  -0.130,  <5(OiJ=  +0.106]  Both  of  the  unstable  modes  become 
stable  when  deviating  from  the  three  T-X-M  planes  to  the  i?-point. 
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These  features  were  also  observed  for  KNb03^^^^  and  point  out  a  marked 
2D  character  of  the  instability  in  the  Brillouin  zone.  This  behaviour  is  more 
easily  visualized  in  Figure  3  where  we  show  the  frequency  isosurface  of  the 
lowest  unstable  phonon  branch  corresponding  to  a;  =  0.  The  region  of 
instability,  <  0,  lies  between  three  pairs  of  flat  surfaces,  that  are 
parallel  to  the  faces  of  the  Brillouin  zone  cube.  In  other  words,  the  unstable 
modes  are  contained  in  three  perpendicular  interpenetrating  slab-like 
regions  of  finite  thickness  containing  the  T  point. 

As  highlighted  by  Yu  and  Krakauer  this  behaviour  corresponds  to 
chain  instabilities  in  real  space.  At  the  iff-point,  we  have  seen  that  there  is 
a  single  unstable  mode  polarized  along  the  z-axis  and  dominated  by  the 
T\z  and  Ol^  displacements.  At  this  wave  vector  (^^  =  0),  the  Ti  and  Oi 
atoms  will  be  coherently  displaced  all  along  an  infinite  {^0\)  chain.  Going 
now  from  M  to  the  7?-point,  the  coherency  of  the  displacement  will 
gradually  disappear  and  a  finite  length  of  correlation  will  be  reached  for 
which  the  phonon  becomes  stable.  The  finite  thickness  of  the  slab  region 
of  instability  therefore  corresponds  to  a  minimum  correlation  length  of  the 
displacement  required  to  observe  an  unstable  phonon  mode.  From  Figure  3, 
the  length  of  the  shortest  unstable  chain  can  be  estimated  to  4  ace\\  = 
16  A  Note  finally,  the  small  dispersion  of  the  unstable  mode  in  the 
T-X-M  plane  suggests  a  small  correlation  of  the  displacements  between  the 
different  Ti  —  O  chains. 


FIGURE  3  Zero-frequency  isosurface  of  the  lowest  unstable  phonon  branch  over  the 
Brillouin  zone.  E  is  located  at  the  center  of  the  cube.  The  mode  is  unstable  in  the  region  between 
the  nearly  flat  surfaces. 
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4.  THE  INTERATOMIC  FORCE  CONSTANTS 

In  cubic  BaTiOs,  we  will  see  that  the  single  displacement  of  a  particular 
atom  never  leads  to  an  instability:  When  one  atom  is  displaced,  a  force  is 
induced  and  brings  it  back  in  its  initial  position  (see  Tabs.  III-V:  the  self¬ 
force  on  Ti  and  O  is  positive).  However,  its  atomic  displacement  will 
simultaneously  induce  forces  on  the  other  atoms.  It  is  only  the  additional 
displacement  of  some  other  atoms  in  this  force  field  that  can  lower  the  total 
energy  and  produce  an  instability.  The  amplitude  and  the  range  of  the 
interatomic  force  constants  (IFC)  associated  to  this  mechanism  can  be 


TABLE  III  Longitudinal  (H)  and  transverse  (L)  interatomic  force  constants  (Ha/Bohr  with 
respect  to  a  reference  Ti  atom  (Ti(0))  along  the  Ti— O  chain  of  cubic  BaTiOj _ 


Atom 

Total  force 

DD  force 

SR  force 

Ti(0) 

+  0.15215 

-0.27543 

+  0.42758 

0|l(l) 

+  0.00937 

+  0.23247 

-0.22310 

Ti||(2) 

-0.06721 

-  0.03680 

-0.03041 

0||(3) 

+  0.01560 

+  0.00861 

+  0.00699 

Tii|(4) 

-0.00589 

-  0.00460 

-0.00129 

Ox(l) 

-0.02114 

-  0.04298 

+  0.02184 

Tix(2) 

+  0.00751 

+  0.01840 

-  0.01089 

TABLE  IV  Ti— Ti  longitudinal  interatomic  force  constants  (Ha/Bohr^)  with  respect  to  a 


reference  Ti  atom  at  (0.5,  0.5,  0.5) 


coordinate 

distance 

IFC 

DD  part 

SR  part 

(0.5,  0.5,  0.5) 

0.0000 

+  0.15215 

-  0.27543 

+  0.42758 

(-0.5,  0.5,  0.5) 

7.5589 

-0.06721 

-  0.03680 

-0.03041 

(-0.5,  -0.5,  0.5) 

10.6899 

-0.01114 

-0.01301 

+  0.00187 

(-0.5,  -0.5,  -0.5) 

13.0924 

-0.00643 

-  0.00780 

+  0.00065 

(-1.5,  0.5,  0.5) 

15.1178 

-  0.00589 

-  0.00460 

-0.00129 

TABLE  V  0-0  longitudinal  interatomic  force  constants  (Ha/Bohr^)  with  respect  to  a 
reference  O  atom  at  (0.5,  0.5,  0) 


coordinate 

distance 

IFC 

DD  part 

SR  part 

(0.5,  0.5,  0) 

0.0000 

+0.12741 

-0.35322 

+0.48062 

(0.5,  0,  0.5) 

5.3450 

-0.02838 

-0.03367 

+0.00529 

(-0.5,  0.5,  0) 

7.5589 

-0.00190 

-0.00314 

+0.00124 

(0.5,  0.5,  -1.0) 

7.5589 

-0.03212 

-0.02295 

-0.00918 

(-0.5,  0,  0.5) 

9.2577 

-0.00183 

-0.00289 

+0.00106 

(-0.5,  -0.5,  0) 

10.6899 

-0.00290 

-0.00111 

-0.00179 

(-0.5,  0.5,  -1) 

10.6899 

-0.00415 

-0.00340 

-0.00078 

(0.5,  -1,  -0.5) 

11.9517 

-0.00254 

-0.00246 

-0.00008 

(-0.5,  -0.5,  -1) 

13.0924 

-0.00113 

-0.00129 

+0.00016 
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analysed  in  order  to  clarify  the  chain  instability  pointed  out  in  the  previous 
Section.  Moreover,  the  specific  role  of  the  dipole-dipole  interaction  (DD) 
can  be  separated  from  that  of  the  short-range  forces  (SR)  following  the 
scheme  proposed  in  Ref.  Our  conventions  on  the  interactomic  force 
constants  Ca(K,,  k')  are  such  that  the  force  Fq,(k)  induced  on  atom  k  by  the 
displacement  At^(/cO  of  atom  k'  is  given  by:  =  -Ca,/3iK, 

k')  ■  Arp(K,'). 

Let  us  first  investigate  the  IFC  with  respect  to  a  reference  Ti  atom  along  a 
Ti  —  O  chain  (Tab.  III).  As  previously  mentioned,  we  note  that  the  self-force 
on  the  Ti  atom  is  large  and  positive  (  +  0.15215  Ha/Bohr^).  We  observe  also 
that  the  longitudinal  IFC  with  the  first  neighbour  O  atom  is  surprisingly 
small  (  +  0.00937  Ha/Bohr^);  moreover,  it  is  positive.  The  analysis  of  the  DD 
and  SR  contributions  points  out  that  these  characteristics  are  the  result  of  a 
destabilizing  DD  interaction,  sufficiently  large  to  compensate  the  SR  forces. 
It  is  this  close  compensation  which  allows  the  displacement  of  Ti  against  the 
O  atoms.  Another  insight  on  this  balance  of  forces  was  already  reported 
in  Ref.  [26].  Consequently  to  the  very  small  total  IFC,  the  Ti  and  O 
displacements  might  be  relatively  decoupled. 

At  the  opposite,  the  DD  forces  induced  on  the  next  Ti  atom  are  negative: 
they  will  combine  with  the  SR  forces  in  order  to  produce  sizeable  coupling 
(-0.06721  Ha/Bohr^).  This  mechanism  is  at  the  origin  of  the  chain 
correlation  of  the  Ti  atomic  displacements.  By  contrast,  the  transverse 
force  on  the  first  Ti  neighbour  is  very  small  (  +  0.00751  Ha/Bohr^)  and 
confirms  the  small  correlation  of  the  displacements  from  chain  to  chain. 

The  decay  of  the  Ti — Ti  and  O — O  longitudinal  IFC  with  the  interatomic 
distance  can  also  be  investigated.  The  results  are  reported  in  Tables  IV  and 
V.  It  is  seen  that  the  longitudinal  IFC  are  anisotropic:  they  propagate 
essentially  along  the  Ti  —  O  chain.  This  appears  clearly  for  the  SR  part.  For 
O,  the  DD  contribution  is  also  highly  anisotropic  due  to  the  anisotropy  of 
the  Born  effective  charges.  The  anisotropy  of  the  IFC  is  inherent  to  the 
chain  correlation  previously  mentioned  in  this  paper. 


5.  THE  CHAIN-STRUCTURE  INSTABILITY 

From  the  knowledge  of  the  IFCs  previously  reported,  we  can  also 
investigate  the  energy  surface  of  BaTiOs  and  illustrate  the  chain  correlation 
highlighted  in  Section  3.  Let  us  consider  that  we  have  a  bulk  cubic  crystal 
with  the  atoms  frozen  at  their  equilibrium  position  Tkq.  Then,  we  allow 
displacements  of  Ti  and  O  atoms  belonging  to  a  [100]  single  Ti  —  O  chain  of 
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finite  but  increasing  size.  The  total  energy  of  this  system  will  be  given  by: 

E{t^)  =  +  ^Ci,l  {K,K')AT^AT^r 

k,k' 

where  C  is  the  interatomic  force  constant  matrix  and  the  sum  on  k  and  k'  is 
restricted  to  the  Ti  and  O  atoms  that  are  allowed  to  move.  With  the  help  of 
this  equation,  we  can  track  the  appearance  of  an  instability  in  terms  of  the 
length  of  the  chain  of  displaced  atoms.  An  instability  will  correspond  to  a 
specific  displacement  pattern  that  lowers  the  total  energy  of  the  system:  it  will 
be  associated  to  a  negative  eigenvalue  of  the  restricted  force  constant  matrix. 

In  Figure  4,  we  report  the  evolution  of  the  lowest  eigenvalue  of  the  force 
constant  matrix  with  respect  to  the  length  of  the  chain  of  moving  atoms. 
Displacing  only  a  single  atom,  the  force  induced  on  the  Ti  is  larger  than  that 
on  the  O  atom.  With  3  atoms,  we  observe,  at  the  opposite,  that  the  Ti- 
terminated  chain  (Ti  — O  — Ti)  is  more  stable  than  the  0-terminated  one 
(O  —  Ti  —  O):  it  points  out  the  important  role  of  the  Ti — Ti  interaction. 
The  difference  between  Ti  and  O  terminated  chains  will  disappear 
progressively  with  the  chain  length.  It  is  seen  that  an  instability  takes  place 
for  a  chain  longer  than  10  atoms  (5  unit  cells).  This  is  in  close  agreement 
with  the  correlation  length  estimated  in  the  previous  Section.  It  suggests  that 
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FIGURE  4  Lowest  eigenvalue  of  the  restricted  force  constant  matrix  associated  to  atomic 
displacements  along  a  finite  Ti  —  O  chain  of  increasing  size. 
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the  behaviour  of  BaTiOs  is  already  well  reproduced  when  considering  an 
isolated  Ti  —  O  chain  of  displacements.  It  confirms  that  the  correlation 
between  the  different  chains  may  play  a  minor  role. 

Going  further  and  frozing  all  the  O  atoms  in  such  a  way  that  only  the  Ti 
atoms  are  allowed  to  move  along  the  chain,  we  can  repeat  the  previous 
investigations.  For  this  case,  however,  we  do  not  observe  any  instability 
even  for  an  infinite  chain  of  correlated  Ti  displacements.  This  result  aims  to 
prove  that  the  relatively  weak  coupling  between  Ti  and  O  displacements  still 
remains  an  important  feature  in  the  appearance  of  the  linear  structural 
instability. 

For  completeness,  we  note  however  that,  contrary  to  what  was  observed 
for  the  chain,  the  cooperative  displacement  of  all  the  Ti  atoms  of  an  infinite 
3-dimensional  crystal  is  also  able  to  induce  the  instability. 


6.  CONCLUSIONS 

In  summary,  we  have  reported  first-principles  linear  response  calculations  of 
the  phonon  dispersion  curves  of  cubic  BaTiOs.  Our  results  are  in  good 
agreement  with  the  experimental  data.  Moreover,  they  are  very  similar  to 
those  reported  for  KNbOs,  a  cubic  perovskite  material  presenting  a 
sequence  of  phase  transitions  analogous  to  BaTi03.  In  particular  it  was  seen 
that  a  ferroelectric  instability  takes  place  when  correlated  atomic  displace¬ 
ments  are  allowed  along  (100)  chains  of  finite  length.  This  has  been 
investigated  with  a  simplified  model  and  the  length  of  the  shortest  unstable 
chain  estimated  to  a  dozen  of  atoms.  The  interatomic  force  constants  are 
anisotropic  and  propagate  essentially  along  the  Ti — O  chains.  Their  analysis 
has  emphasized  the  correlation  of  the  Ti  displacements.  It  has  been  shown 
that  the  Ti  and  O  atomic  displacements  are  only  weakly  coupled.  This  small 
coupling  remains  however  an  important  ingredient  to  reproduce  the  linear 
ferroelectric  instability. 
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The  rigid-shell  model  has  been  revisited  in  this  paper  for  the  lattice  dynamics  calculations  in  the 
paraelectric  BaTi03  since  a  few  decades  ago.  The  conventional  harmonic  models  of  Cowley 
et  al.  and  Jannot  et  al,  have  been  modified  by  including  more  interatomic  force  constants.  The 
force  constants  were  adjusted  to  fit  the  calculated  phonon  dispersion  curves  to  the  observed 
data  from  inelastic  neutron  scattering  studies  that  were  available  in  the  literature.  The 
calculated  dispersions  agree  satisfactorily  with  the  experimental  results.  Degeneracies  of  the 
phonon  branches,  as  required  by  the  crystal  symmetry  consideration,  have  been  correctly 
reproduced  for  the  first  time.  The  fitting  parameters  of  our  model  have  values  whose  trends  are 
seen  to  have  similar  behavior  to  the  previous  models.  Moreover,  the  newly  employed 
parameters  have  shown  interesting  features  related  to  the  short-range,  non-Coulombic 
interactions  of  the  ions. 

Keywords:  Perovskite;  phonon;  rigid-shell  model;  lattice  dynamics 


1.  INTRODUCTION 

This  lattice  dynamics  work  is  a  part  of  our  study  of  the  para-to-ferroelectric 
phase  transformation  of  the  perovskite  ferroelectrics  Phonon  properties 

including  lattice  anharmonicity  which  might  be  important  to  the  transition 
have  been  investigated  by  the  current  authors  in  which  the  X-ray  thermal 
diffuse  scattering  (TDS)  intensities  from  paraelectric  BaTi03  were  measu¬ 
red  at  elevated  temperatures.  The  observed  thermal  diffuse  scattering  must 
be  analyzed  based  upon  theories  of  scattering  from  phonons 
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According  to  the  TDS  theories,  values  of  the  frequencies  and  eigen 
vectors  as  functions  of  the  phonon  wave  vector  k  are  needed  in  order  to 
calculate  the  X-ray  TDS  intensity.  The  required  data  can  be  obtained 
through  the  normal  mode  analysis  by  solving  the  eigen  value  problem  based 
on  the  rigid-shell  model.  We  have  applied  this  method  to  the  cubic 
(paraelectric)  BaTiOs  system  in  this  article. 

Earlier  work  of  the  harmonic  lattice  dynamics  for  the  paraelectric  BaTiOa 
were  done  around  1980  by  Bouillot  et  al  and  by  Jannot  et  al  who 

basically  employed  the  original  rigid-shell  model  of  Cowley  et  al 
developed  in  1960s.  Their  calculated  dispersion  curves  agreed  reasonably 
well  with  observed  neutron  scattering  data.  However,  using  the  interatomic 
force  constants  determined  by  Jannot’s  work  along  with  the  original  lattice 
dynamics  model  developed  by  Cowley,  we  were  unable  to  reproduce  their 
calculated  phonon  dispersion  curves.  This  implies  that  there  might  be 
an  implementation  difference  between  the  two  models.  However,  this 
difference  cannot  be  discovered  through  review  of  the  two  models  since 
there  is  no  precise  explanation  of  Jannot’s  model  in  the  published  literature. 
Therefore,  we  have  constructed  our  own  rigid-shell  model.  Details  of  the 
modeling  and  algorithm  of  the  computation  will  be  presented  along  with 
results  of  our  calculation  in  the  cubic  BaTiOa  system.  Validity  of  this  model 
will  be  assessed  by  inspecting  values  and  trends  of  the  attained  fitting 
parameters. 


2.  METHOD  OF  ANALYSIS 


We  assumed  a  pair  potential  model  of  ionic  crystals  in  a  central  force  sys¬ 
tem  under  the  harmonic  approximation.  Each  atom  is  polarized  and 

consists  of  a  core  and  a  shell;  the  core  is  the  nucleus  of  an  atom  with  tightly 
bound  electrons,  and  the  shell  corresponds  to  loosely  bound  electrons,  i.e., 
an  electron  cloud.  This  model  is  illustrated  in  Figure  1.  These  assumptions 
lead  to  the  following  expression  for  the  potential  V. 
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FIGURE  1  A  schematic  representation  of  the  rigid-shell  model.  Cores  are  indicated  by  filled 
circles,  and  shells  by  ellipses,  the  central  force  system  is  assumed. 


where  i  and  j  are  the  Cartesian  indices,  s  is  an  index  of  the  unit  cell,  7  is  an 
index  of  the  atomic  species  in  the  unit  cell,  and 

and  Cij{s^-s'^')  are  the  interatomic  force  constants  for  the  interactions 
between  the  core -core,  core -shell  and  shell -shell  pairs,  respectively. 

Each  interatomic  force  constant  is  composed  of  Coulombic  and  (short- 
range)  non-Coulombic  force  constants  and  is  written  as 

Atj{s'i  -  s'-y')  =  R,y(sj  -  s’y')  +  e^eyFijisj  -s’y'),  (2a) 

Bijisy  -s'y')  =  Tij(sy  -  s'y')  +  e^Y^’Fij{sy  -  s'y'),  (2b) 

and 

Cy(^7  -  5'70  =  *Sy(57  -  *^'7')  +  -  .s'7'),  Pc) 

where  6,^  and  are  charges  of  the  core  and  shell.  Summing  them  for  one 
species  7  corresponds  to  the  effective  charge,  while  electrical  neutrality  is 
maintained  so  that  a  sum  of  the  effective  charges  over  all  the  species 
becomes  zero.  Fij{s^—s'^')  is  the  Coulombic  force-constant  coefficient 
derived  by  using  the  Ewald  transformation  b9, 20,21] 

Coulombic  constants  is  further  separated  into  two  terms;  one  is  the  parallel 
component  along  the  interatomic  vector  of  each  77'  pair,  and  the  other  is 
the  perpendicular  component  to  that  vector. 
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It  clear  that  no  short  range  force  is  exerted  between  the  core  and  shell  at 
S'y  =  s' (since  they  are  placed  at  the  same  position)  so  the  dipole  moment 
between  them  is  zero,  as  illustrated  in  Figure  2(a).  However,  in  an  actual 
case,  a  nonzero  relative  displacement  of  the  core  or  shell  produces  a  dipole 
moment,  as  seen  in  Figure  2(b),  which  generates  the  electric  field.  Therefore, 
the  Coulombic  potential. 


^7  ^7  [^57  ^ 

cx}  ^ 

^7 

appears  in  the  system  through  the  interaction  between  the  exerted  electric 
field  and  the  counterpart  (the  core  for  the  shell  field,  or  the  shell  for  the  core 
field).  Here  we  have  introduced  the  electric  polarizability  which  is  the  one 
along  the  rth  direction  for  the  7th  species.  Comparison  of  this  potential  with 


shell 


M 

FIGURE  2  An  illustration  of  the  self-interaction  event  between  the  core  and  shell  at  the  same 
lattice  point  at  sg:  (a)  There  is  no  relative  displacement  between  the  two  bodies.  Hence,  no 
dipole  moment  or  electric  field  is  exerted,  (b)  A  relative  displacement  generates  the  Coulombic 
seif-interaction  field. 
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Eq.  (1)  gives  us  the  following  Coulombic  interatomic  force  constants  for  the 
core -shell  interaction  at  57  =  5^7': 


Fijisj  -  57) 


0^1 


(3) 


To  set  up  the  eigen-value  problem,  the  interatomic  force  constants 
Bijis'y  -  5 '7')  and  Qjis^  -  ^'70  in  Ihie  real  lattice  space 
representation  were  Fourier  transformed  to  the  reciprocal  lattice  space 
representation,  which  is  the  conventional  way  to  proceed  with  the 
calculation 

In  the  earlier  rigid-shell  model,  the  three  groups  (core -core,  core -shell 
and  shell -shell)  of  non-Coulombic  interatomic  force  constants  were 
assumed  all  equal  and  the  model  had  16  parameters  totally. 

However,  they  are  all  assigned  with  different  values  in  our  modified  version 
for  more  accurate  description  of  the  lattice  dynamics.  Therefore,  16  non- 
Coulombic  parameters  are  newly  added,  so  our  model  has,  in  total,  32  fitting 
parameters. 

To  describe  the  equation  of  wave  motion  simply,  we  eliminate  all  the 
suffixes  ij,  s  and  7  from  Eq.  (1).  Taking  derivatives  of  the  potential  V  with 
respect  to  the  core  and  shell  displacements  followed  by  the  adiabatic 
approximation,  we  gain  the  next  eigen  system  form. 


=  p  +  eFe)  -  {T+  eFY){S+  YFY)-' {T  +  eFYy]u.  (4) 

where  t  (superscript)  means  transposing  the  matrix,  and  the  displacements 
are  redefined  to  be  square-root-mass-weighted. 

The  Monte-Carlo  method  has  been  employed  to  fit  the  calculated  phonon 
dispersion  curves  to  the  observed  data  from  previous  neutron  inelastic 
scattering  measurements  The  eigen-value  problem  is  solved 

with  respect  to  the  phonon  wave  vector  k.  The  phonon  frequencies  are  given 
at  each  Monte-Carlo  iteration  step.  The  32  fitting  parameters  are  adjusted 
for  minimization  of  error.  A  computer  program  for  this  Monte-Carlo  fitting 
has  been  developed  including  the  eigen  system  routine  of  Eq.  (4).  An 
algorithmic  flow  chart  is  illustrated  in  Figure  4. 


3.  PHONON  DISPERSIONS 

Fitting  has  been  performed  to  the  previous  neutron  data  along  the  three 
principle  directions  [100],  [111]  and  [110]  by  using  a  main  frame  computer, 
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FIGURE  3  Geometrical  definition  of  the  interatomic  force  constant.  A  Ba-O  pair  has  been 
taken  as  an  example.  The  line  between  the  pair  represents  the  interatomic  vector.  One  force 
constant  (parallel)  is  defined  to  exert  the  force  along  this  direction,  and  the  other  force  constant 
(perpendicular)  along  the  direction  vertical  to  it. 


ALPHA,  at  the  Materials  Research  Laboratory,  the  University  of  Illinois  at 
Urbana-Champaign.  R  (residue)  factor  has  been  reduced  to  Z.61%  after 
44,000-time  iteration  over  a  cpu  time  of  about  22  horus.  Figure  5  shows  a 
whole  series  of  the  calculated  (solid  lines)  and  the  observed  (dots)  dispersion 
curves;  each  of  the  longitudinal  and  the  two  transverse  modes  along  one 
direction  of  k  corresponds  to  one  piece  of  the  graphs;  there  are  five  branches 
for  each  phonon  mode.  The  calculated  dispersion  curves  agree  reasonably 
well  with  the  experimental  data  except  for  the  two  highest  energy  levels  of 
each  mode. 

Degenerate  states  among  the  modes  in  the  Brillouin  zone  can  be  found 
theoretically  by  application  of  group  theory  to  this  type  of  cubic  perovskite 
crystals  (see  Cowley’s  case  for  SrTiOs  in  Ref.  [18]).  The  deduced 
degeneracies  caused  by  symmetry  consideration  of  this  system  are 
summarized  for  the  three  principle  directions  in  the  following: 

1 .  A:  at  (000)  There  are  three  acoustic  modes,  one  triply  degenerate  mode, 

and  three  longitudinal  and  doubly  degenerate  transverse  optical  modes. 
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end 

FIGURE  4  An  algorithmic  flow  chart  for  the  Monte-Carlo  fitting.  The  eigen-value  problem  is 
solved  at  each  iteration. 


2.  k  along  [100]  At  general  points,  including  the  boundary,  five  branches 
of  the  transverse  modes  are  doubly  degenerate,  and  five  of  the 
longitudinal  mode  are  single  modes. 

3.  k  along  [110]  There  is  no  degeneracy  at  general  points,  but  there  are 
four  doubly  degenerate  normal  modes  at  the  boundary. 

4.  k  along  [111]  There  are  five  doubly  degenerate  transverse  modes  and 
five  single  longitudinal  modes  a  general  points.  At  the  boundary  there  are 
four  triply  degenerate  normal  modes,  one  doubly  degenerate  pair,  and  a 
single  normal  mode. 

Our  reuslts  satisfy  all  of  the  above  symmetry  requirements  (see  Fig.  5); 
these  requirements  were  not  satisfied  with  the  results  produced  by  Cowley 
et  al.,  or  by  Jannot  et  al 
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FIGURE  5  Dispersion  curves  along  the  three  principle  directions  ([100]),  [1 1 1]  and  [110]).  T 
and  L  mean  the  transverse  and  longtudinal  modes,  respectively.  Along  the  [100]  and  [111] 
directions,  the  two  transverse  modes  degenerate  to  each  other,  but  not  along  the  [110].  Solid 
lines  are  our  calculated  dispersion  curves.  Dots  are  the  results  from  previous  inelastic  neutron 
scattering  data  (see  Refs.  [10-12,22, 33]).  Note  the  well-satisfied  degeneracy  at  the  zone  center 
and  the  zone  boundaries. 


4.  RIGID-SHELL  DYNAMICS  PARAMETERS 

Tables  I  and  II  show  all  the  fitting  parameters  grouped  as  Coulombic  and 
non-Coulombic  terms,  respectively.  Jannot’s  parameters  are  shown  along 
with  ours,  for  comparison  purpose.  Because  of  possible  differences  between 
Jannot’s  and  our  modeling,  values  of  the  parameters  for  one  model  do  not 
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TABLE  I  Results  of  the  Coulombic  parameters.  The  results  of  Jannot’s  work^  are  given  for 
comparison 


Model 

effective  charge  in  shell  charge  in  units  of  e  polarizability  ( ) 

units  of  e 

Ba 

Ti 

Ba 

Ti 

O  Ba 

Ti 

0 

Ours 

3.220 

2.620 

-0.056 

.  -0.168  - 

-0.569  4.450 

0.600 

11.25 

Jannot’s 

1.964 

3.200 

-0.887 

-0.900  - 

-2.662  0.010 

0.181 

0.695 

“  See  Refs.  [10-12]. 

TABLE  II 

Results  of  the  non-Coulombic  parameters.  The  results  of  Jannot’s  work^  ; 

are  given 

for  comparison 

Model 

parallel  (Njm) 

perpendicular  (Njm) 

Ba-0 

Ti-0 

0-0 

Ba-Ti  Ba-0  Ti-0 

0-0 

Ba-  Ti 

core -core 

70.01 

159.21 

0.00 

0.03 

-0.82  -35.03 

-0.04 

-0.46 

ours  shell -shell 

3.23 

13.42 

0.52 

0.00 

-0.30  -2.70 

0.0 

-0.08 

shell  -  shell 

219.74 

447.30 

60.48 

0.03 

-50.59  -43.96 

-4.09 

-22.45 

Jannot’s 

97.23 

758.13 

20.50 

0.05 

-16.32  -68.69 

-3.86 

4.61 

®  See  Refs.  [10-12]. 

necessarily  correspond  to  those  of  the  other.  However,  we  see  some 
common,  but  also  some  different  tendencies  of  the  values  between  the  two 
models  which  we  shall  discuss  as  follows.  We  also  find  interesting  features  in 
the  parameters  that  are  newly  added  in  our  model. 

The  shell  charge  and  polarizability  of  oxygen  have  relatively  large  values 
compared  with  the  other  two  elements,  as  seen  in  Table  I.  Negatively 
charged  oxygen  has  many  loosely-bound  electrons  around  its  core,  so  that 
the  shell  charge  must  be  large.  Since  the  polarizability  is  proportional  to  the 
ionic  radius,  the  oxygen  ion  with  its  large  ionic  radius  must  have  a  high 
polarizability. 

There  are  similar  tendencies  in  the  values  and  signs  of  the  parameters 
obtained  from  the  current  model  as  compared  with  those  of  the  previous 
mode,  as  listed  in  Table  II.  In  each  of  the  parallel  and  perpendicular  core- 
core,  shell -core  and  shell -shell  groups,  the  Ti-O  force  constant  has  the 
largest  absolute  value;  next  is  the  Ba-O  constant;  then  are  the  0-0  and 
Ba-Ti.  The  parallel  constants  all  have  positive  values  and  most  of  the 
perpendicular  constants  show  negative  values. 

The  non-Coulombic  core -core,  core -shell  and  shell -shell  constants 
introduced  in  the  new  model,  reveal  quite  interesting  features  that  are  not 
seen  in  the  previous  model.  The  core -core  and  shell -shell  interactions 
show  relatively  large  repulsion,  compared  with  the  core -shell  interaction. 

From  the  physics  viewpoint,  the  core -core  and  shell -shell  interactions 
seem  to  manifest  Van  der  Waals  bonding  (classical)  and  Pauli’s  exclusion 
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principle  (quantum  mechanical),  respectively.  The  values  of  these  constants 
can  be  expected  to  be  large  since  their  interactions  are  quite  strong. 

On  the  other  hand,  there  is  no  physical  theory  that  adequately  captures 
the  non-Coulombic  interaction  between  the  non-quantum  object  ‘core’  and 
the  quantum  entity  ‘shell’.  The  values  found  for  this  type  of  interaction  have 
been  expected  to  be  generally  small  compared  with  the  other  two. 

There  is  quite  a  significant  discrepancy  between  Jannot’s  and  our 
Coulombic  results  in  Table  I.  In  this  study,  the  effective  charge  of  Ti  is 
found  to  be  smaller  than  that  of  Ba,  a  result  opposite  from  the  Jannot 
model.  Since  the  free-ionic  charge  of  Ti  ( +  4)  is  larger  than  that  of  Ba  ( +  2), 
Jannot’s  result  seems  to  be  more  plausible.  However,  the  small  effective 
charge  of  the  Ti  ion  agrees  well  with  the  result  from  the  first  principle 
calculation,  -1-2.89  with  the  charge  of  Ba  fixed  at  -^2.0^^'^^,  caused  by  strong 
covalent  bonding  between  the  nearest-paired  Ti  and  O  rather  than  the 
Ba-O  and  Ba-Ti  neighbors.  We  suggest  that  the  empty  4s-electron  state 
of  Ti"^^  (nominal)  needs  charge  transfer  from  Ba^'^  (nominal)  to  make  the 
covalent  bond  with  the  unscreened  O  ions  so  that  the  Ti  charge  decreases 
and  that  of  Ba  increases. 

All  the  parameters  (the  vibrational  frequencies  and  amplitudes  of 
phonons)  obtained  from  this  current  analysis  have  been  employed  to 
compute  the  X-ray  thermal  diffuse  scattering  (TDS)  intensities  in  the 
doctoral  dissertation  of  Takesue  The  calculated  intensities  have  been 
compared  with  the  observed  data  However,  our  modeling  still  employs 
the  harmonic  approximation,  in  spite  of  the  existence  of  the  overdamped 
transverse  optic  modes  near  the  zone  center  The  lattice  anharmo- 

nicity  has  been  considered  in  our  X-ray  TDS  analysis  which  will  be 
discussed  in  a  subsequent  paper 


5.  CONCLUSIONS 

The  rigid-shell  model  as  applied  by  Jannot  et  al,  to  the  cubic  BaTiOs  has 
been  revised.  The  harmonic  approximation  is  used  with  additional 
interatomic  force  constants.  This  revised  model  has  been  applied  to  the 
lattice  dynamics  calculations  of  the  paraelectric  BaTi03  system.  Measured 
phonon  dispersion  curves  along  the  [100],  [111]  and  [110]  directions  as 
reported  in  the  literature  have  been  satisfactorily  reproduced  using  the 
Monte-Carlo  method  in  this  work,  showing  a  residue  factor  of  3.67%. 
Degeneracies  of  the  vibrational  states  over  the  entire  Brillouin  zone  have 
been  accurately  predicted  for  the  first  time,  completely  satisfying  the 
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symmetry  requirements.  The  employed  parameters  in  our  model  show 
similar  characteristics  to  those  obtained  by  the  previous  groups.  The  newly 
introduced  parameters  have  given  reasonable  physical  meanings  concerning 
the  short-range,  non-Coulombic  interactions  of  the  ions. 
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Small  angle  resonant  x-ray  scattering  measurements  were  performed  for  Pb(Mgi/3Nb2/3)03 
(PMN)  at  the  Pb  and  Nb  absorption  edges  using  synchrotron  radiation.  The  results  are  not 
consistent  with  the  current  model  of  segregated  nano-domains  and  pose  a  serious  question  on 
the  mechanism  of  the  relaxor  ferroelectric  behavior  in  PMN.  Combining  with  our  earlier  results 
of  large  angle  resonant  x-ray  scattering  measurements  and  the  pulsed  neutron  scattering 
measurements  on  PMN,  PZ  and  PZT,  an  alternative  mechanism  of  the  relaxor  behavior  is 
proposed. 

Keywords:  Relaxor  ferroelectrics;  PMN;  small  angle  x-ray  scattering 


1.  INTRODUCTION 

The  origin  of  the  relaxor  ferroelectric  phenomena  in  Pb(Mgi/2Nb2/3)03 
(PMN)  has  long  been  thought  to  be  the  nano-scale  compositional 
inhomogeneity  due  to  local  Mg/Nb  ordering  and  segregation  of  a  Nb  rich 
phase  The  basis  of  this  commonly  accepted  model  (standard  model)  is  the 
observation  by  transmission  electron  microscopy  (TEM)  of  nano-domains 
and  the  superlattice  diffraction  of  1/2(111)  type  associated  with  the 
domains.  In  this  scenario  these  domains  are  not  charge  balanced  since  Mg 
is  divalent  while  Nb  is  pentavalent.  It  was  conjectured,  therefore,  that  the 
domains  would  not  grow  into  a  large  size,  preventing  long  range  order  to 
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develop  and  resulting  in  the  relaxor  behavior.  However,  such  a  segregation 
would  produce  very  strong  local  electric  field  gradients,  and  would  be 
energetically  quite  unfavorable  even  at  a  very  small  scale.  It  is  difficult  to 
imagine  that  domains  of  50  A  in  size  with  so  much  charge  imbalance  can 
exist.  In  fact  no  strong  direct  evidence  of  Nb  segregation  has  ever  been 
attained.  On  the  contrary,  available  data  tend  to  be  against  such  segrega¬ 
tion  In  this  paper  we  present  our  recent  x-ray  and  pulsed  neutron 
scattering  results  which  seriously  question  the  validity  of  this  Nb  segregation 
scenario,  and  instead  an  alternative  mechanism  is  proposed. 

Small  angle  resonant  x-ray  scattering  measurements  were  performed  for 
PMN  powder  at  the  Pb  and  Nb  absorption  edges  using  synchrotron 
radiation.  The  results  show  that  the  small  angle  scattering  (SAS)  from  Nb 
distribution  in  PMN  is  not  strong  enough  to  be  consistent  with  the  Nb 
segregation  scenario.  The  high  angle  resonant  x-ray  scattering  measurement 
on  a  single  crystal  PMN  performed  earlier  shows  that  the  1/2(111) 
superlattice  diffraction  includes  significant  contribution  from  the  local 
displacements  of  oxygen  and  lead  atoms.  These  results  are  consistent  with 
either  Mg/Nb  ordering,  or  (Mg2/3Nbi/3)/Nb  ordering.  In  addition  a 
comparison  of  the  atomic  pair-distribution  functions  (PDF)  obtained  frotp 
pulsed  neutron  scattering  measurements  on  PMN,  PZ,  and  PZT 
suggests  that  the  local  structures  of  these  rather  disparate  compounds  are 
actually  very  similar,  with  the  polarization  of  Pb  playing  a  major  role.  By 
combining  these  three  pieces  of  information,  we  propose  that  the  planar 
ordering  of  (mixed  Mg-Nb)/Nb  along  [111]  takes  place,  and  due  to  the 
compositionally  disordered  nature  of  the  (mixed  Mg-Nb)  plane,  Pb  atoms 
are  locally  displaced  in  random  directions,  producing  the  observed  relaxor 
behavior. 


2.  SMALL  ANGLE  RESONANT  X-RAY  SCATTERING 

It  is  well  known  that  any  fluctuation  in  density  of  materials  produces  small 
angle  scattering  (SAS)  of  x-ray,  electrons  or  neutrons  If  there  are  Nb 
micro-segregation  as  the  standard  model  assumes,  significant  SAS  with  the 
characteristic  wavevector  corresponding  to  the  size  of  the  micro-domains 
would  be  observed.  In  particular  by  changing  the  energy  of  the  x-ray  in  the 
vicinity  of  the  Nb  absorption  edge  it  should  be  possible  to  determine  the 
amount  of  compositional  fluctuation. 

The  SAS  measurement  was  performed  at  the  X-7A  beamline  of  the 
National  Synchrotron  Light  Source  (NSLS)  of  the  Brookhaven  National 
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Laboratory.  The  synchrotron  radiation  was  monochromated  by  a  Si  (111) 
channel-cut  crystal  monochromator,  tuned  near  the  K  absorption  edge  of 
Nb  (18.9869 keV)  or  the  Lm  edge  of  Pb  (13.0406keV)  The  incident 
intensity  was  monitored  by  a  scintillation  counter  placed  above  a  Kapton 
(polyimid)  film  in  the  beam.  The  beam  size  was  0.8x0.8mm^.  The  thinly 
dispersed  powder  sample  on  the  Kapton  film  was  placed  in  the  He 
environment  in  the  transmission  geometry.  The  scattered  x-ray  photons 
were  detected  by  a  high-purity  Ge  solid  state  detector  that  was  connected  to 
a  multi-channel  pulse  height  analyzer  (MCA)  in  the  CAMAC  crate  which 
was  on-line  with  the  computer.  The  MCA  histogram  was  transferred  to  the 
computer  which  calculated  and  stored  the  total  counts  of  the  several  pre¬ 
selected  groups  of  channels.  They  were  selected  to  represent  the 
fluorescence,  elastic  scattering  plus  and  the  total  photon  count.  The  total 
photon  count  was  used  to  correct  for  the  deadtime  of  the  detector,  and  the 
Ka  count  was  used  to  subtract  the  count  from  the  elastic  channel  [9]. 
This  channel  arrangement  was  adopted  since  the  energy  resolution  of  the  Ge 
detector  (~250eV  at  19keV)  was  not  sufficient  to  separate  the  elastically 
scattered  photons  from  the  fluorescence. 

The  SAS  intensity  was  normalized  by  the  incident  monitor  counts  and 
corrected  for  the  direct  beam  contribution,  absorption  and  the  background, 
including  the  scattering  from  the  Kapton  film  and  the  sample  container 
which  was  measured  separately.  The  measurement  was  made  as  a  function 
of  the  diflfraction  vector  Q(  -  47rsin^/A)  up  to  the  first  diffraction  peak  at 
1.555  A“\  and  the  corrected  intensity  I(Q)  was  further  normalized  to 
electron  units,  so  that 

HQ)  =  (f(Q)fS(Q)  +  {/(Qf)  -  {f{Q)f  (1) 

where  S{Q)  is  the  structure  function  that  converges  to  unity  at  >oo,  and 
(•  •  •)  denotes  the  compositional  average.  The  SAS  data  measured  with  the 
incident  x-ray  energy  just  below  the  Pb  edge  (12.976  keV, /p^,  = -13.6)  are 
shown  in  Figure  1,  in  the  log-log  plot  in  the  unit  of  /(0/(/(0}^.  It 
approximately  follows  the  power  law, 

/(e)  <x  Q-"  (2) 

with  5.  This  is  an  unusually  strong  power  law.  Usually  an  object  with  a 
well  defined  shape  or  edge  produces  the  SAS  with  n  =  A  (Porod’s  law)  at 
large  values  of  Q  and  «  =  2  at  small  values  of  Q,  and  if  the  object  has  a 
Gaussian  density  profile,  the  SAS  also  follows  the  Gaussian  form  (Guinier’s 
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FIGURE  1  The  normalized  small  angle  x-ray  scattering  intensity  from  PMN  powder  in  the 
log-log  plot. 


law).  The  data  indicate  a  slight  change  in  the  slope  around  Q^0.06A~\ 
The  same  data  are  shown  in  Figure  2  also  in  the  form  of  the  Guinnier  plot 
(log  (/(0(  fiQf)  vs.  0^)-  If  the  profile  is  Gaussian  the  Guinnier  plot  should 
be  linear.  Indeed  while  the  low  Q  portion  of  the  data  are  not  linear,  above 
0^  ~  0.008  (Q  ~  0.09)  the  data  are  approximately  linear.  The  linear  fit  to  the 
range  of  0.008  <Q^<  0.016  gives, 

=  0.0457  exp  (  -  )  (3) 

{AQ)f  V  2  J 

with  the  radius  of  gyration,  7?  =  17.3  A. 

As  we  mentioned  above  the  commonly  accepted  model  assumes  (111)  B- 
site  layer  ordering  of  Nb  and  Mg  into  micro-domains.  The  size  of  the 
domains,  d,  can  be  estimated  by  the  width  of  1/2(111)  superlattice 
diffraction.  The  1/2(115)  superlattice  peak  measured  for  PMN  as  described 
below  is  shown  in  Figure  3.  If  the  SAS  was  lo  originate  from  the  same 
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FIGURE  2  The  Guinnier  plot  of  the  SAS  data,  compared  to  the  calculated  intensUy  assuming 
the  domain  size  of  48  A  (radius  of  gyration,  R  =  18A,  chained  line)  and  280  A  (R=120A 
dashed  line). 


objects  that  are  producing  the  superlattice  peak,  it  essentially  should  take 
the  same  shape.  The  1/2(111)  peak  is  fairly  well  represented  by  a  Gaussian 
function,  indicating  that  the  size  of  the  ordered  domain  is  rather  well  defined 
and  not  distributed  very  widely.  The  standard  deviation  gq  of  the  fitted 
Gaussian  function  is  0.058  A"  A  This  translates  to  the  radius  of  gyration, 
\Igq  =  17.2  a,  which  is  in  excellent  agreement  with  the  observed  value  of 
R  for  the  SAS  data  shown  in  Figure  2.  Since  the  SAS  measurement  was 
made  on  a  powder,  while  the  superlattice  measurement  was  made  on  a  single 
crystal,  the  results  are  not  expected  to  agree  completely,  so  that  this 
closeness  of  the  two  values  must  be  somewhat  fortuitous.  In  any  case  it  is 
apparent  that  the  high  Q  portion  of  the  SAS  and  the  superlattice  peaks  must 
originate  from  the  same  object. 

In  the  standard  model  PMN  is  supposed  to  be  composed  of  a  nano-phase 
mixture  of  two  components.  One  of  the  components  is  a  compositionally 
ordered  phase  in  which  the  (1 1 1)  layers  of  the  B  sites  are  alternately  pure  Nb 
and  Mg,  while  the  other  is  a  compositionally  disordered  phase  slightly  rich 
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FIGURE  3  The  1/2(115)  superlattice  diffraction  peak  in  the  radial  scan.  The  solid  curve  is  a  fit 
by  a  Gaussian  curve. 


in  Nb.  Assuming  the  Gaussian  profile  the  SAS  intensity  can  be  given  by, 


jm.  =  ,  exp  (- 

{f(Q)?  v(/)J  ^  2 ; 


(4) 


where  c  is  the  volume  fraction  of  the  segregated  ordered  domains,  Af=fs— 
{f),fs  is  the  scattering  factor  of  the  ordered  domains,  and  R  is  the  radius  of 
gyration.  If  we  assume  the  full  Mg/Nb  ordering  within  the  domain  and 

=  17.3  A,  we  obtain  <:*  =  0.08  (see  Appendix).  Thus  if  we  try  to  interpret  the 
data  in  terms  of  the  standard  model,  the  fraction  of  the  ordered  domains  is 
only  1/8  of  the  maximum  value  (0.67),  and  over  90%  of  the  volume  would 
remain  disordered.  On  the  other  hand,  the  result  above  can  also  be 
explained  in  terms  of  statistical  compositional  fluctuations  expected  for 
nano-grains  with  i?  =  17.3  A  (also  see  Appendix).  Thus  the  observed  SAS 
result  shown  in  Figures  1  and  2  is  not  compatible  with  the  standard  model. 

As  shown  in  Figures  1  and  2  the  SAS  from  the  ordered  domains  accounts 
for  only  a  small  portion  the  total  SAS  intensity.  The  low  Q  portion  of  the 
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SAS  are  dominated  by  the  SAS  from  objects  much  larger  than  the  ordered 
domain  size.  A  fit  to  the  low  Q  portion  by  Eq.  (4)  suggests  that  the  radius  of 
gyration  is  of  the  order  of  100  A  or  more.  For  instance  the  dashed  line  in 
Figure  2  corresponds  to  the  object  with  the  R  value  of  120  A.  However,  the 
fit  is  not  very  good,  suggesting  that  there  is  no  well  defined  length  scale  for 
the  low  Q  portion  of  the  SAS,  and  the  sizes  of  the  scattering  objects  are 
widely  distributed. 

In  order  to  determine  the  element  specific  SAS,  the  SAS  measurement  was 
carried  out  near  the  Nb  K  absorption  edge  and  the  Pb  Lm  edge.  The 
anomalous  dispersion  of  the  atomic  scattering  factor, 

f{Q,E)=m)+f'{E)  +  if"{E)  (5) 

where  E  is  the  energy  of  the  x-ray,  changes  sharply  with  energy  near  the 
absorption  edge,  but  is  nearly  constant  far  away  from  the  edge.  When  the 
energy  is  changed  near  the  K-edge  of  Nb  only  the  scattering  factor  of  Nb 
changes  with  energy,  while  the  scattering  factors  of  other  elements  remain 
almost  unchanged.  Thus  we  can  single  out  the  SAS  contribution  of  Nb 
atoms  to  the  scattering  intensity  using  the  method. 

Unfortunately,  in  the  range  Q  >0.06  A“\  where  the  Gaussian  component 
(4)  dominates,  the  SAS  intensity  is  too  small  to  carry  out  the  anomalous 
scattering  measurement  reliably.  Therefore  it  has  not  been  possible  to 
confirm  whether  or  not  the  observed  SAS  intensity  orginating  from  the 
ordered  domains  is  due  to  the  Nb/Mg  compositional  fluctuation.  On  the 
other  hand  the  SAS  intensity  at  low  Q  was  high  enough  for  the  anomalous 
scattering  measurement.  The  energy  scans  with  a  constant  Q  evaluated  at 
(2  =  0.02  A“’  are  shown  in  Figures  4  and  5.  The  measurements  were  made 
in  the  constant  29  mode,  and  the  data  were  corrected  for  the  changes  in  Q 
with  energy  and  for  absorption  which  was  measured  separately,  in  order  to 
obtain  the  constant  Q  data.  The  data  above  the  absorption  edge  are  not 
reliable  because  of  the  difficulties  in  absorption  correction.  The  figures  also 
plot  the  energy  dependence  of  the  calculated  anomalous  dispersion 
Comparing  the  energy  dependence  of  I{Q)  and  f  it  is  clear  that 


dm 

df 


(6) 


at  both  edges.  In  terms  of  the  compositionally  resolved  partial  structure 
function  the  scattered  intensity  can  be  given  by, 

ot,f3 


(7) 


238 


T.  EGAMI  et  al. 


Nb  edge,  Q=0.02  A“^ 
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FIGURE  4  Energy  dependence  of  the  SAS  at  g  =  0.02  A"^  near  the  Nb  edge  compared  to  the 
real  part  of  the  anomalous  dispersion, ,  of  Nb. 

where  a  and  /3  denote  elements,  is  the  concentration  of  Q!,/^  is  the  atomic 
scattering  factor  of  a,  and  Sa,p{Q)  is  the  compositionally  resolved  partial 
structure  function.  Thus, 

(*) 

Assuming  only  a  diagonal  (act)  contribution  to  the  SAS  we  obtain, 

5'NbNb  —  9.2  .Q. 

‘S'pbPb  =  4.1 

at  Q  =  ^mk~\  Thus  the  SAS  is  not  only  due  to  the  compositional 
fluctuation  in  Nb,  but  includes  substantial  contribution  from  Pb  fluctuation 
as  well.  Possible  origins  of  these  SAS  are  micro-voids  or  grains  of  a  second 
phase  in  the  sample.  Therefore,  much  of  the  observed  SAS  intensity  has  little 
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FIGURE  5  Energy  dependence  of  the  SAS  at  0  =  0.02  A  ’  near  the  Pb  edge  compared  to  the 
real  part  of  the  anomalous  dispersion, of  Pb. 

to  do  with  the  Nh/Mg  ordering.  The  same  measurement  was  made  at 
0  =  0.033  with  a  similar  result. 

3.  LARGE  ANGLE  RESONANT  X-RAY  SCATTERING 

The  large  angle  anomalous  x-ray  scattering  measurement  of  the  1/2(111) 
superlattice  peaks  using  a  single  crystal  reported  earlier  provides 
important  insights  into  the  nature  of  the  atomic  ordering  in  the  ordered 
domains.  However,  from  this  result  alone  it  is  not  possible  to  determine 
whether  the  ordering  is  due  to  Mg/Nb  1:1  ordering,  or  due  to  (Mg2/3Nbi/3)/ 
Nb  ordering,  since  they  contribute  to  the  anomalous  scattering  in  very 
similar  ways.  But  we  now  can  assume  that  the  ordering  is  of  the  latter  kind, 
since  our  SAS  results  presented  here  are  not  compatible  with  the  standard 
Nb/Mg  1:1  ordering  model.  The  origin  of  the  1/2(111)  superlattice 
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diffraction  peak  must  be  the  ordering  of  the  alternating  layers  of  Nb  and 
(Mg2/3Nb,/3) 

With  this  assumption  the  large  angle  anomalous  x-ray  scattering  results 
offer  the  following  information: 

1.  The  superlattice  diffraction  peak  is  due  not  only  to  compositional 
ordering  but  also  to  atomic  displacements  of  Pb  and  O. 

2.  Pb  atoms  are  displace  by  ~  0.05  A  toward  Mg.  While  Mg^”^  is  larger  in 
size  (0.72  A)  than  Nb^^  (0.64  A)  it  is  less  repulsive  than  Nb^^. 

3.  O  atoms  are  displaced  toward  the  Nb  layers  by  ~0.3A  to  screen  the 
excess  charge  of  the  Nb  layer. 

Thus  the  charge  imbalance  between  the  Nb  and  Mg/Nb  layers  is  locally 
compensated  for  by  the  oxygen  displacements.  It  should  be  noted  that  the 
(Mg2/3Nbi/3)  layer  must  be  compositionally  disordered,  since  the  (1 1 1)  plane 
of  the  B  sites  has  a  triangular  lattice,  and  is  impossible  to  establish 
compositional  order,  unless  long  range  forces  are  introduced. 


4.  RESULTS  OF  PULSED  NEUTRON  SCATTERING 
AND  MECHANISM  OF  RELAXOR  PHENOMENA 

The  atomic  pair-distribution  function  (PDF)  of  PMN  obtained  by  pulsed 
neutron  scattering  indicates  that  the  real  atomic  structure  of  PMN  is 
significantly  deviated  from  the  crystallographic  nearly  cubic  perovskite 
structure  The  measurement  was  performed  at  the  Special  Environment 
Powder  Diffractometer  (SEPD)  of  the  Intense  Pulsed  Neutron  Source 
(IPNS)  of  the  Argonne  National  Laboratory.  The  PDF  describes  the 
distribution  of  the  real  space  distances  between  atoms,  and  has  been  widely 
used  in  the  study  of  amorphous  solids  or  liquids.  It  can  be  obtained  from  the 
diffraction  data  by  the  Fourier  transformation  into  the  real  space.  Since  the 
PDF  is  derived  from  not  only  the  Bragg  peaks  but  also  the  diffuse  scattering 
intensities  which  are  dropped  in  the  usual  crystallographic  analysis,  the  PDF 
represents  periodic  as  well  as  aperiodic  structure.  The  structure  modeling  by 
the  Monte-Carlo  procedure  showed  that  the  BOe  octahedra  (B  =  Nb,  Mg) 
are  locally  significantly  rotated  with  some  degree  of  short  range  order 
The  PDF  of  PMN  exhibits  a  striking  resemblance  to  the  PDF  of 
Pb(Zri_;,Ti;,)03  (PZT)  as  shown  in  Figure  6  This  is  rather  surprising 
because  Nb-Mg  mixing  is  heterovalent,  while  Zr-Ti  mixing  is  homo-valent. 
It  is  well  known  that  by  replacing  a  small  amount  of  Pb  with  La  (PLZT)  the 
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FIGURE  6  The  atomic  pair-distribution  function  (PDF)  of  PMN  (open  circles)  obtained  by 
pulsed  neutron  scattering  compared  to  that  of  Pb(Zr  65Ti.35)03  (closed  circles). 


system  shows  relaxor  behavior  However,  nanodomains  are  not  observed 
in  PLZT,  and  hence  the  origin  of  the  relaxor  phenomena  in  these  systems 
are  generally  considered  to  be  quite  different  from  that  of  PMN.  Thus  PMN 
and  PZT  appear  to  have  little  in  common. 

The  PDF  of  PZT  is  also  very  similar  to  that  of  PbZr03(PZ)  even 
though  they  have  different  crystal  structures  and  PZT  is  ferroelectric 
(x  >  0.05)  while  PZ  is  antiferroelectric.  Recently  the  structure  of  PZ  and  PZT 
was  studied  thoroughly  by  the  combined  Rietveld  and  PDF  analyses  as  a 
function  of  temperature  and  composition  From  this  study  it  became 

clear  that  the  polarization  of  Pb  by  displacement  from  the  ideal  A-site  in 
perovskite  structure  is  closely  tied  to  the  local  rotation  of  the  BOg 
octahedra.  Note  that  in  Figure  6  both  the  PDF  of  PMN  and  the  PDF  of 
PZT  have  a  peak  around  2.45  A.  This  peak  is  due  to  Pb — O  distances,  and  is 
absent  in  the  PDF  of  the  ideal  perovskite  structure  in  which  the  distances 
between  the  A  site  and  the  12  nearest  oxygen  sites  are  all  equal  and  are 
about  2.85  A.  Because  of  the  rotation  of  the  BOg  octahedra  the  environment 
of  Pb  becomes  asymmetric,  and  the  Pb — O  distances  become  unequal.  The 
Pb  atom  will  then  be  displaced  toward  three  nearest  oxygen  atoms  to  form 
covalent  bonds,  and  to  accomodate  its  lone  pair  electrons  on  the  other  side. 
The  2.45  A  peak  in  the  PDF  represents  these  covalent  Pb — O  bonds. 

In  PZT  the  ZrOg  octahedra  are  locally  rotated  because  of  the  large  size  of 
Zr'^^  ion,  while  the  Ti06  octahedra  are  basically  not  rotated  because  Ti^^  is 
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a  small  ion.  The  random  occupation  of  the  B  site  by  Zr  and  Ti  then  produces 
random  local  rotation  of  the  BOe  octahedra.  This  induces  the  random 
displacements  of  Pb,  resulting  in  the  relaxor  phenomena  when  a  small 
amount  of  La  is  added  to  increase  disorder.  The  situation  must  be  very 
similar  in  PMN.  The  compositional  randomness  in  the  (Mg2/3Nbi/3)  layer 
must  be  producing  random  local  rotation  of  the  BOg  octahedra  and  random 
displacement  of  Pb  atoms,  resulting  in  the  relaxor  phenomena.  Thus  the 
mechanism  of  the  relaxor  behavior  in  PMN  and  PLZT  must  be  essentially 
identical,  and  must  originate  from  randomness  in  the  atomic  structure, 
rather  than  the  nano-domains,  while  the  latter  would  certainly  enhance  the 
effect.  This  point  was  further  confirmed  by  a  recent  study  of  the  effect  of 
composition  and  heat  treatment 


5.  CONCLUSIONS 

Results  of  the  small  angle  x-ray  scattering  measurement  conclusively  show 
that  the  Mg/Nb  compositional  variation  assumed  in  the  nano-domain 
scenario  of  the  relaxor  phenomena  in  PMN  does  not  exist  in  reality.  This 
poses  a  serious  question  to  the  widely  accepted  model.  It  is  proposed  instead 
that  the  observed  (111)  layer  ordering  of  the  B  site  is  due  to  Nb/ 
(Mg2/3Nbi/3)  alternate  layering,  and  the  compositional  randomness  in  the 
(Mg2/3Nbi/3)  mixed  layer  produces  random  Pb  local  polarization  and  the 
relaxor  behavior.  While  this  model  needs  further  testing  and  scrutiny,  it 
appears  to  be  a  physically  more  reasonable  model  than  the  standard  moel 
that  requires  unphysically  strong  compositional  and  charge  variations  in 
space.  Furthermore  this  model  explains  the  relaxor  behaviors  of  both  PMN 
and  PLST  at  once,  while  so  far  they  have  been  thought  to  originate  from 
totally  different  mechanisms. 
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APPENDIX:  ESTIMATION  OF  THE  COMPOSITION 
OF  THE  PRECIPITATES 

If  the  precipitates  in  PMN  have  the  composition  of  Pb(Mgi/3  +  5Nb2/3-5)03, 
the  composition  of  the  matrix  is  Pb(Mgi/3-H5/Nb2/3-5')03  where 
6'  =  -Sc{l—c).  The  SAS  contrast  in  f{Q)  will  then  be, 

A/=  {6  -  (5')(/Nb  -/Mg) 

_  296  (A-1) 

~  1 

From  (4)  and  using  R  =  17.3  A  and  {/)  =  123.7  we  obtain 

c(A/)^  =  2.13  (A-2) 

Thus, 

,  =  2.53  X  10-^  (A-3) 


For  full  ordering  <^=1/6,  and 
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On  the  other  hand  if  we  assume  that  the  system  is  divided  50/50  (c=  1/2) 
into  slightly  Mg  rich  and  slightly  Nb  rich  grains  we  obtain, 

6  =  0.04  (A-5) 

However,  the  grain  of  7^  =  17.3  A  with  the  lattice  constant  of  4.05  A  contains 
only  A  =330  Mg/Nb  atoms.  The  expected  statistical  fluctuation  in  the 
composition  is  ^  =  1/\/A  =  0-05,  even  slightly  larger  than  this  value. 
Therefore  pure  statistical  fluctuations  in  the  grain  composition  can  fully 
explain  the  observed  results. 
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A  domain  wall  model  is  proposed  for  relaxor  ferroelectrics  typified  by  Pb(Mgi/3Nb2/3)03. 
Under  a  large  applied  field  or  a  large  internal  field,  domain  walls  move  over  a  long  distance  by 
overcoming  localized  barriers.  This  movement  is  responsible  for  the  hysteresis  loop  and 
depolarization  at  temperatures  below  Tmax-  The  activation  volumes  obtained  by  analyzing  the 
coercive  field  dependence  on  temperature  and  frequency  suggest  that  the  barriers  encountered 
by  the  domain  walls  are  of  the  size  of  1000  unit  cells,  and  they  increase  as  the  relaxor  becomes 
more  like  a  normal  ferroelectric.  Since  polarization  is  usually  incomplete  in  relaxors  even  under 
a  large  polarizing  field,  depolarization  readily  occurs  without  the  need  of  nucleating  new 
domains.  Domain  walls  are  also  responsible  for  permittivity  peaks  at  high  temperature  under  a 
weak  field.  However,  without  a  strong  field,  domain  walls  are  partially  pinned  by  barriers  and 
can  only  oscillate  within  the  unpolarized  regions  between  barriers.  The  mobility  of  domain  walls 
can  be  modified  by  alloying  to  vary  the  spacing  between  ferroelectrically  active  ions  and  the 
internal  field  driving  the  walls.  Furthermore,  below  a  certain  temperature,  polarization  domains 
become  increasingly  sharp  and  domain  wall  oscillation  becomes  increasingly  difficult.  This  leads 
to  the  exhaustion  of  oscillation  at  an  apparent  freezing  temperature  below  Tn^ax-  Overall,  the 
domain  wall  model  provides  a  simple  framework  that  can  be  used  to  quantitatively  analyze 
relaxor  behavior  over  a  broad  range  of  compositions.  Its  theoretical  basis  is  further  justified  by 
analogy  to  dislocation  theory  and  interface  mechanics  in  phase  transformations. 

Keywords:  Relaxors;  PMN;  domain  walls;  coercive  field;  depolarization;  permittivity 


1.  INTRODUCTION 

Relaxor  ferroelectrics  exhibit  unique  behavior  not  seen  in  normal  ferro¬ 
electrics.  This  includes  a  depolarization  temperature  well  below  the 
permittivity  maximum  and  a  dielectric  spectrum  which  is  extremely 
frequency  dependent.  Several  models  have  been  proposed  to  explain  such 
behavior.  These  include  treating  the  polarization  unit  as  a  large  dipole 
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consisting  of  many  atomic  cells  regarding  the  system  as  a  dipolar  glass 
undergoing  structural  or  kinetic  freezing  and  considering  a  ferroelectric 
or  a  dipole  with  an  arbitrarily  broad  relaxation  spectrum  These  models 
are  mostly  used  to  analyze  the  dielectric  behavior,  namely  the  frequency 
spectrum  under  a  weak  field.  Very  little  attempt  has  been  made  to  relate  it  to 
the  large  field,  ferroelectric  behavior,  which  is  also  anomalous  in  relaxors. 
Moreover,  these  models  have  not  been  developed  to  compare  relaxors  that 
depart  from  normal  ferroelectrics  to  different  degrees  and  to  make 
predictions  on  relaxors  of  different  compositions. 

In  our  view,  the  problem  of  the  polarization  behavior  of  relaxors  is  one  of 
first  order  phase  transition  in  a  complex  environment.  Similar  problems  in 
materials  science  are  typically  treated  by  considering  interfaces,  specifically 
their  role  in  the  nucleation  and  growth  of  the  new  phases  from  the  parent 
phase  This  approach  often  yields  a  simplified,  yet  sufficiently  accurate 
picture  even  for  relatively  complex  situations.  For  phase  transformations 
that  do  not  allow  long  range  diffusion,  the  interface  dynamics  are  formally 
similar  to  dislocation  dynamics  which  have  a  well  developed  theory 
This  theory  accounts  for  the  thermodynamics  and  kinetics  of  dislocation 
movement  in  a  complex  field  that  arises  either  from  lattice  periodicity  (such 
as  Peierl  stress),  atomic  disorder  (such  as  solute  atoms),  microstructure 
heterogeneity  (such  as  precipitates  and  voids),  or  from  dislocations 
themselves  (dislocation  entanglements  and  dislocation  intersections) 
Although  the  latter  approach  has  been  adopted  into  the  early 
studies  of  ferroelectrics,  in  particular  the  dynamics  of  domain  walls  ^2-1 5]^ 
it  has  been  largely  ignored  in  recent  literature,  especially  in  the  area 
of  relaxors.  This  is  presumably  because  of  the  very  fine  nature  of  polar 
regions  in  relaxors  which  has  made  direct  observations  of  domain  walls 
difficult 

In  this  paper,  we  will  outline  a  domain  wall  model  formulated  in  the  same 
framework  as  dislocation  theory  for  plasticity  and  anelasticity  and  apply 
this  treatment  to  a  subgroup  of  Pb-containing  relaxors  that  is  represented  by 
Pb(B'/3Nb2/3)03  and  its  solid  solutions.  We  will  demonstrate  that  this 
model  can  provide  a  unified  picture  of  the  relaxor  behavior  over  a  broad 
range  of  temperatures  and  fields.  It  can  also  provide  insight  into  the  origin 
of  relaxor  behavior  and  the  condition  for  relaxor-ferroelectric  transition. 
The  significance  of  Pb  and  Nb,  as  well  as  their  interplay  with  B'  cations  of 
different  sizes,  has  been  discussed  in  some  detail  in  our  previous  paper 
which  should  be  consulted  for  an  atomistic  insight  that  underlies  our 
thinking  here. 
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2.  DOMAIN  SWITCHING  UNDER  AN 

EXTERNAL  FIELD  -  HYSTERESIS  LOOP 

Evidence  for  domain  wall  motion  can  be  seen  from  hysteresis  loops  taken  at 
low  temperatures.  A  series  of  hysteresis  loops  for  Pb(Mgi/3Nb2/3)03  (PMN) 
are  shown  in  Figure  1 .  At  lower  temperatures,  the  loops  are  well  developed 
showing  a  large  remnant  polarization  at  zero  field.  Both  the  hysteresis  loop 
and  the  first  quarter  D-E  curve  (from  E=0  to  £”=  maximum)  have  a 
sigmoidal  shape.  This  can  be  associated  with  the  domain  wall  motion  that 
switches  domains  and  effects  polarization.  The  coercive  field  required  to 
drive  domain  wall  motion  can  be  identified  as  the  intercept  of  the  loop  and 
Z)  =  0. 

The  coercive  field  in  PMN  is  a  strong  function  of  temperature  and 
frequency.  The  temperature  dependence  at  60  Hz  is  shown  in  Figure  2  for 
PMN  and  a  number  of  other  relaxor  ferroelectrics.  We  see  that  the  coercive 
field  generally  decreases  with  temperature  and  such  a  decrease  becomes  less 
pronounced  for  PMN  alloyed  with  PbTi03  (PT).  It  is  known  that  the 
addition  of  PbTi03  to  PMN  gradually  suppresses  the  relaxor  characteristics 
and,  at  40%  or  more  PbTiOs,  the  solid  solution  behaves  not  like  a  relaxor 
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FIGURE  1  Hysteresis  Loop  of  Pb(Mgi/3Nb2/3)03  at  different  temperatures. 


248 


I-WEI  CHEN  AND  Y.  WANG 


14 

:  PMN 

12 

:  r 

\ 

10 

k  \ 

s 

\  * 

i  * 

^  >  \ 

\ 

-  v 
\ 

4 

1.  • 

:  0.02Ba-PMN 

2 

n 

0.9PMN-0.1PT 

).8PMN-0.2PT 


\'A.  0. 


100  150  200  250  300  350  400  450 

Teinperature(K) 


FIGURE  2  Temperature  dependence  of  coercive  field  for  several  relaxor  materials.  For 
reference,  the  data  of  BaTiOs  (BT)  are  shown  as  the  solid  line. 


but  like  a  normal  ferroelectric  with  a  high  Curie  temperature.  For  PMN,  the 
coercive  field  at  60  Hz  vanishes  at  235  K.  For  0,8  PMN-0.2  PT,  the  coercive 
field  vanishes  at  400  K.  In  the  following,  this  temperature  will  be  referred  to 
as  Fq. 

We  can  use  the  theory  of  thermal  activation  to  understand  the  behavior 
shown  in  Figure  2.  We  envision  that  the  domain  wall  encounters  internal 
fields  as  it  travels.  (See  Fig.  3a  for  a  schematic.)  Unless  the  applied  field  is 
sufficiently  large  to  overcome  the  peak  resistance  field,  E,  the  domain  wall 
will  be  stopped  at  some  point  and  thermal  activation  will  be  required  to 
overcome  the  energy  barrier  AG  posed  by  the  resistance  field.  Similar 
problems  in  dislocation  plasticity  have  been  treated  in  detail  In  its 
simplest  form,  we  can  write,  in  analogy  to  dislocation  plasticity,  the 
polarization  rate  as 


dP  (  AG\  ... 

-  =  APo(^)^oexp(-— j  (1) 

In  the  above,  APq  is  the  change  in  local  polarization  due  to  the  passage  of 
a  domain  wall,  d  is  the  spacing  between  domain  walls  (i.e.,  ^/“Ms  the  domain 
wall  density  in  analogy  to  dislocation  density),  Aa  is  the  travel  distance  of  a 
domain  wall  once  it  overcomes  an  energy  barrier,  v'o  is  the  vibration 
frequency  of  a  domain  wall  (usually  taken  as  1/100  of  the  Debye  frequency 
in  the  dislocation  theory  and  AG  is  the  energy  barrier  that  is  field 
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FIGURE  3  (a)  Schematic  of  internal  field  in  relaxor  materials.  A  positive  field  resists  the 
forward  movement  of  domain  walls  and  a  negative  field  assists  the  forward  movement  of 
domain  walls,  (b)  Simplified  internal  field  of  a  constant  height. 


dependent.  For  a  short  range  barrier  (see  Fig.  3b  for  a  schematic)  with  a 
constant  resistane  field  E  over  a  volume  K*,  we  find 

AG  =  AG°(^l-jj  =  VP’{E-E)  (2) 

where  AG'^=V*P*E  is  the  energy  barrier  at  E=0,  and  P*  is  the 
polarization  change  in  the  activated  state.  At  the  same  rate  of  polarization 
switching,  a  higher  temperature  can  allow  for  a  higher  activation  barrier, 
hence  a  lower  applied  field.  If  this  field  is  identified  as  the  coercive  field,  then 
the  model  explains  why  coercive  field  decreases  with  temperature. 

Generally  speaking,  valus  of  APq,  Aa,  d,  V*,  and  P*  can  all  be  field 
dependent,  and  the  shape  of  activation  barrier  may  not  be  known  a  priori. 
However,  to  gain  some  insight  into  the  problem,  we  will  make  some 
simplifying  assumptions  and  obtain  values  of  F*  by  analyzing  the  slopes  of 
E  —  T  lines  using  Eqs.  (1-2).  The  results  for  different  ferroelectrics  are 
shown  in  Table  I.  Here,  we  have  assumed  Aa/d^X, 

APq^ P*  =  50 ^Cjcrn^,  and  a  switching  frequency  of  60 Hz.  We  see  that 
the  activation  volume  V*  is  of  a  size  of  4-6  nm  in  PMN,  and  it  increases 
with  PbTiOs  content.  In  tetragonal  BaTi03,  it  has  been  often  observed  in 
in-situ  microscopy  that  a  major  barrier  to  domain  wall  motion  is  the 
intersection  with  90°  domains  To  overcome  such  a  barrier,  some 

collective  polarization  switching  over  a  certain  volume  around  the 
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TABLE  I  Activation  volume  of  several  relaxor  materials  and  BaTi03 

PMN  0.02  Ba-PMN  0.9  PMN-O.l  PT  0.8  PMN-0.2  PT  t-BaTiOs 

F*(nm’)  (3.7)’  (3.7)’  (4.8)’  (5.2)’  (10.3)’ 

F7(unit  cell)  800 _ 800 _ 1700 _ 2200 _ 17000 

intersection  is  needed;  after  which  the  domain  wall  can  once  again  proceed 
for  a  long  distance.  A  similar  picture  may  also  hold  for  relaxor 
ferroelectrics.  Since  the  activation  volume  K*  is  of  the  order  of  several  nm 
in  size  and  it  increases  with  PbTi03,  we  suggest  that  the  activation  volume  is 
of  the  size  of  polar  regions  and  such  regions  expand  with  PbTi03  addition  as 
the  alloyed  PMN-PT  material  becoems  more  like  a  normal  ferroelectric. 
This  interpretation  seems  physically  plausible  given  the  current  knowledge 
of  relaxor  nanostructure. 

The  frequency  dependence  of  coercive  field  can  be  similarly  explained 
using  Eq.  (1).  At  a  higher  switching  rate,  the  time  for  thermal  activation  is 
less,  hence  a  smaller  activation  energy  is  required.  This  can  be  provided  if  a 
larger  field  is  applied.  Analysis  of  frequency  dependence  of  coercive  field 
confirms  the  same  magnitude  of  activation  volume  as  calculated  above. 


3.  DOMAIN  SWITCHING  UNDER 

AN  INTERNAL  FIELD  -  DEPOLARIZATION 

Domain  switching  is  not  only  possible  when  a  relaxor  ferroelectric  is  driven 
by  an  external  field,  it  also  occurs  when  a  relaxor  is  driven  by  an  internal 
field,  e.g.,  when  the  material  is  previously  poled.  This  phenomenon  is  called 
depolarization.  The  driving  energy  of  depolarization  comes  from  the  long- 
range  field  of  the  poled  state,  which  can  lower  its  range  and  hence  its 
electrostatic  energy  if  opposite  polarization  domains  are  introduced  in  some 
regions  to  result  in  zero  net  polarization  macroscopically.  This  driving  force 
is  equivalent  to  an  internal  field,  which  drives  domain  switching  in  certain 
regions.  In  PMN,  a  fully  poled  polycrystal  rapidly  depoles  at  about  200  K. 
This  temperature  is  some  65  K  lower  than  the  peak  permittivity  temperature 
T’max  when  measured  at  100  kHz  (see  Fig.  4).  This  depolarization 
temperature.  I’d,  is  also  lower  than  the  temperature  Tq  when  the,  coercive 
field  at  60  Hz  vanishes. 

Depolarization  at  a  temperature  well  below  the  permittivity  maximum  is  a 
unique  feature  of  Pb-containing  relaxor.  In  normal  ferroelectrics,  depolari¬ 
zation  occurs  at  the  Curie  temperature.  Even  in  (Sr,Ba)2Nb206  relaxors, 
which  have  a  tungsten  bronze  structure  and  disorder  takes  place  on  the 
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FIGURE  4  Depolarization  current  of  Pb(Mg!/3Nb2/3)03  at  heating  rate  of  3°C/min. 


A-site  only,  depolarization  occurs  at  essentially  the  same  temperature  as  the 
permittivity  maxima  Indeed,  as  PMN  is  alloyed  with  PbTi03  and  the 
relaxor  characteristics  are  progressively  lost,  the  difference  between  and 
T’max  also  becomes  smaller.  More  generally,  we  can  seen  in  Figure  5  and 
T’max  follow  a  close  correlation  with  each  other  for  some  50  relaxors,  in  the 
family  of  Pb(B  j^3Nb2/3)03  and  its  solid  solution  with  A-site  and  B-site 
dopants,  of  various  compositions.  As  the  increases,  the  relaxor  behaves 
increasingly  like  a  normal  ferroelectric;  meanwhile,  approaches  T^ax- 
There  is  also  a  distinct  boundary  across  which  a  relaxor  becomes  a  normal 
ferroelectric.  In  Pb(B  jy3Nb2/3)03— PbTi03  systems,  this  occurs  at  the 
composition  of  morphotropic  phase  boundary  (MPB).  The  cubic-tetra- 
gonal-rhombohedral  Curie  temperatures  of  a  number  of  Pb(Bjy3 
Nb2/3)03-PbTi03  materials  with  MPB  compositions  all  lie  around  450  K, 
apparently  a  “universal”  temperature  independent  of  B'  cation.  The  farther 
a  relaxor  is  from  this  relaxor-normal  ferroelectric  boundary,  the  more  the 
depression  of  compared  to 

The  reason  that  normal  ferroelectrics  do  not  depole  at  below  their  Curie 
temperatures  is  probably  due  to  the  absence  of  domains  of  an  opposite 
polarization  in  a  poled  crystal.  This  is  a  classical  nucleation  problem  the 
paucity  of  nuclei  prohibits  a  transformation  despite  an  otherwise  favorable 
driving  force  (i.e.,  depolarization  energy).  Without  a  nucleus,  new  domains 
cannot  form  and  the  crystal  remains  poled  until  the  Curie  temperature 
when  the  long-range  correlation  of  polarization  is  lost  and  a  complete 
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FIGURE  5  Tjnax-Td  correlation  for  relaxor  materials. 


depolarization  leaving  no  domains  ensues.  In  contrast,  in  PMN,  macro¬ 
scopic  depolarization  occurs  at  well  below  Jinax-  Apparently,  correlation 
of  polarization  over  an  intermediate  length  scale  still  survives  abvoe  since 
the  crystal  displays  a  D-E  hysteresis  loop  at  above  much  like  an  unpoled 
normal  ferroelectric  below  the  Curie  temperature. 

This  implies  that  depolarization  in  PMN  does  not  encounter  nucleation 
problems.  As  schematically  shown  in  Figure  6,  the  random  arrangement  of 
ferroelectrically  active  actions  among  ferroelectrically  inactive  actions  in 
PMN  makes  it  difficult  to  fully  pole  the  crystal.  Most  likely,  there  is  always 
some  nano  regions  which  have  no  polarization  or  have  random  polarization. 
The  interfaces  between  the  poled  polar  regions  and  the  random  or  non-polar 
regions  constitute  domain  walls  in  a  braod  sense.  Under  an  internal  field 
caused  by  the  depolarization  energy,  these  interfaces  have  no  difficulty 
sweeping  up  volume  elements  to  produce  domain  switching,  provided 
kinetics  as  prescribed  by  Eq.  (1)  allow.  Given  an  internal  field  of  the  order  of 
the  poling  field,  we  have  verified  that  at  Td,  the  kinetics  predicted  by  Eq.  (1) 
are  sufficient  to  yield  the  depolarization  rate  observed.  Later,  as  de¬ 
polarization  continues,  the  internal  field  is  dissipated  and  the  population 
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FIGURE  6  Schematic  polarization  in  relaxor  under  a  field.  Shaded  area  indicates  polar 
domains  and  black  dots  are  ferroelectrically  inactive  cations. 


of  mobile  domain  walls  is  exhausted.  This  eventually  slows  down  the 
depolarization  process. 

4.  DOMAIN  WALL  OSCILLATION  UNDER  A  WEAK 
EXTERNAL  FIELD  -  DIELECTRIC  RESPONSE 

Permittivity  and  dielectric  loss  of  relaxor  ferroelectrics  exhibit  a  characteri¬ 
stic  shift  that  is  frequency  dependent  below  r^ax  At  higher  frequency,  the 
permittivity  and  loss  are  lower  while  Tj^ax  is  higher.  There  is  no  such 
frequency  dependence  above  Tmax-  The  temperature  dependence  of  the 
frequency,  Tjnax(^),  has  been  shown  to  be  best  described  by  the  Vogel- 
Fulcher  equation  (3). 


where  is  an  activation  energy  of  the  order  of  several  tens  of  meV,  and  Tf 
is  an  intermediate  temperature  referred  to  as  freezing  temperature.  For 
PMN,  Ea  is  found  to  be  25  meV  and  Tf  230  K.  The  usual  Arrhenius 
equation,  if  applied  to  describe  the  data,  would  have  given  a  much  higher 
activation  energy  of  the  order  of  eV,  but  more  disappointingly,  with  a  very 
high  frequency  factor  which  is  beyond  the  realm  of  physical  reality 

Using  the  data  obtained  for  hysteresis  loops  measured  at  lower 
temperature  and  low  frequency,  we  can  predict  the  temperature  when  the 
coercive  field  vanishes  at  higher  frequencies  that  are  typical  for  dielectric 
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studies.  This  temperature  easily  exceeds  T^ax  at  100  kHz.  Thus,  if  the 
domains  and  hence  the  barriers  persist  to  higher  temperatures,  they  cannot 
be  surmounted  at  high  frequencies  with  the  rather  small  electrical  field 
(typically  20V/cm)  applied  in  dielectric  studies. 

This  means  that,  under  an  oscillating  field,  the  domain  walls  are  not  likely 
to  travel  a  large  distance  by  overcoming  hard  barriers  that  extend  over 
several  nanometers.  Nevertheless,  they  can  still  bulge  back  and  forth  like  a 
membrane  constrained  at  the  edge.  This  picture  is  analogous  to  dislocation 
bowing  between  pinning  points  ^^1.  The  latter  has  been  knov/n  to  be 

responsible  for  internal  friction  peaks  and  can  be  quantitatively  analyzed  by 
a  model  of  kink  formation  and  kink  migration  along  the  dislocation 
[10-11,  22]  apply  the  same  concept  to  the  domain  wall  problem. 

We  envision  the  domain  wall  to  be  hung  on  the  £"=0  slope  of  Figure  3a.  At 
a  small  oscillating  field,  with  no  cutting  of  barrier  feasible,  only  a  small 
increment  of  travel,  to  be  determined  by  the  slope  of  Figure  3a  at  0,  can 
be  realized.  Within  the  linear  approximation,  the  implies  a  linear  response  of 
polarization  to  the  applied  field,  the  polarization  coming  from  the  increment 
of  travel  by  the  domain  wall.  The  response  time  of  this  oscillation  is 
frequency  dependent  because  the  domain  wall  movement  encounters  another 
resistance  at  the  scale  of  lattice  spacing.  This  resistance  may  be  attributed  to 
the  saddle  point  energy  between  two  degenerate  polarization  directions.  The 
analogy  with  dislocation  mechanics  is  the  Peierl  stress  which  is  attributed  to 
the  saddle  point  energy  between  two  adjacent  dislocation  positions 
A  more  figurative  analogy,  used  in  the  literature  of  interface  motion  in 
martensitic  transformation,  is  that  the  small  lattice  barrier  is  like  the  grass  on 
a  golf  slope,  while  the  golf  slope  itself  is  the  activation  barrier  posed  by  the 
larger  obstacles  Thermal  activation  is  thus  still  needed  to  overcome 
lattice  scale  barriers  to  domain  wall  oscillation.  For  this  reason,  the  domain 
wall  movement  is  an  anelastic  process  with  an  amplitude  proportional  to  the 
driving  force  but  with  a  phase  lag  and  a  dissipation  determined  by  the 
thermal  activation  required  to  overcome  the  lattice  barrier. 

A  domain  wall  will  encounter  the  least  resistance  if  it  moves  by  first  forming 
a  pair  of  kinks  (or  ledges),  then  propagating  them  sidewide  as  schematically 
shown  in  Figure  7.  The  resultant  polarization  rate  can  be  written  as 


In  the  above,  is  the  unit  cell  volume,  the  exponential  factor  involving 
(the  kink  formation  energy)  is  the  site  fraction  of  kinks  on  the  domain 
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FIGURE  7  Schematic  of  kink  mechanism.  For  simplicity,  the  ferroelectrically  active  sites  are 
regularly  arranged  into  a  sublattice,  (a)  At  E=0,  the  dipole  orientations  are  random;  (b)  at 
£■  >  0,  a  domain  forms  on  the  lower  half  and  is  bordered  by  a  domain  wall  with  a  kink  of  a 
height  b\  (c)  nucleation  of  a  double  kink  and  its  spreading  causing  domain  wall  movement. 


wall,  and  the  exponential  factor  involving  Eyui  (the  kink  migration  energy)  is 
the  probability  for  a  successful  attempt  of  a  kink  to  migrate  by  one  lattice 
spacing.  The  field  bias  in  the  small  field  limit  is  taken  into  account  in  the 
above  by  the  last  term  Ea^PojkT  which  is  the  difference  of  the  forward  and 
the  backward  exponential  bias  due  to  the  applied  field  on  an  “atomic” 
polarization  unit  a^Po-  This  equation  is  a  small  field,  “viscoelastic” 
description  of  domain  wall  movement  on  a  microscopic  scale.  The 
corresponding  macroscopic  constitutive  equation  is 


—  =  mE  = 
dt 


(5) 


where  8x  is  the  anelastic  susceptibility  that  can  be  attributed  to  the  total 
domain  movement  at  t^oo,  to  be  determined  by  the  slope  of  Figure  3a  at 
£■  =  0,  r  is  the  relaxation  time  regulating  this  process,  and  m  =  6xlr  is  the 
equivalent  of  reciprocal  viscosity  in  plasticity.  By  further  incorporating  the 
spontaneous  dielectric  response,  shown  as  Xu  in  the  equivalent  circuit  of 
Figure  8,  we  can  obtain  the  total  susceptibility  as  a  function  of  angular 
frequency,  u, 
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For  the  simple  case  where  Xu  and  are  constants,  the  relaxation  spectra 
seen  in  permittivity  and  loss  are  directly  due  to  the  relaxation  time  r  which  is 
now  identified  as 

This  means  that  as  the  relaxation  time  decreases  with  temperature,  a 
higher  driving  frequency  can  be  sustained  to  give  a  loss  maxima  located  at 
ujr=l.  This  behavior  is  entirely  analogous  to  the  internal  friction  peaks  due 
to  dislocation  damping 

The  problem  of  dielectric  relaxation  in  relaxors  is  complicated  by  the  fact 
that  both  Xm  and  6x  prove  to  be  temperature  dependent.  Indeed  Xu  passes 
over  a  maximum  near  the  ferroelectric-paraelectric  transition,  where  Sx  also 
drops  to  zero.  Moreover,  6x  appears  to  extropolate  to  zero  at  a  lower 
temperature  as  well.  According  to  Eq.  (5),  contribution  of  Xu  and  Sx  can  be 
evaluated  by  analyzing  the  difference  between  Rex*  at  high  frequency  and  at 
low  frequency.  The  high  frequency  portion  is  essentially  Xu  and  the 
difference  is  essentially  SX’  This  decomposition  is  shown  for  PMN  in 
Figure  9.  We  see  that  the  spontaneous  contribution  Xu  has  a  maximum 


FIGURE  8  Equivalent  circuit  for  dielectric  response  of  a  relaxor  including  both  spontaneous 
polarization  with  a  susceptibility  x„  and  a  delayed  polarization  due  to  domain  wall  movement 
with  a  susceptibility  Sx  and  a  relaxation  time  r. 
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around  where  the  domain  wall  contribution  6x  disappears  somewhat 
abruptly.  This  is  understandable  if  we  accept  the  temperature  region  around 
Tmax  as  a  region  of  phase  transition  from  a  ferroelectric  state  to  a 
paraelectric  state.  Then,  Xu  is  at  a  maximum  at  the  transition  and  8x 
vanishes  above  the  transition  where  no  domain  wall  remains.  The  reason 
that  6x  decreases  at  the  low  temperature  limit  is  more  subtle.  The  decrease 
of  6x  implies,  in  our  model,  a  steepening  of  the  E-V  slope  in  Figure  3a  at 
0.  This  can  be  understood  if  we  envision  that,  as  the  temperature  lowers, 
the  ferroelectric  domains  sharpen  consuming  the  remaining  radomly 
oriented  dipoles  so  that  better  polarization  alignment  is  achieved  on  either 
side  of  the  domain  wall.  This  in  turn  stiffens  the  E~V  curve  and  may  have 
caused  the  observed  decrease  of  Sx^ 

It  is  important  to  note  that  the  temperature  where  8x  substantially 
decreases  lies  in  the  neighborhood  of  Tf,  the  “freezing”  temperature  in  the 
Vogel-Fulcher  equation  (3).  We  believe  this  is  the  physical  origin  of  Eq.  (3). 
This  is  best  seen  from  Imx*  of  Eq.  (6)  which  dictates  that  the  loss  maximum 
cannot  be  placed  at  a  temperature  much  below  where  Sx  itself  drops 
substantially,  i.e.,  near  Tf.  Physically,  below  this  temperature,  oscillatory 
movement  of  domain  walls  under  a  weak  field  becomes  rather  difficult  in  the 
face  of  the  sharpening  polarization  order  in  the  adjacent  domains;  only 
domain  switching  under  a  large  field  remains  a  possibility.  This  interpreta¬ 
tion  of  the  Vogel-Fulcher  equation  and  the  “freezing”  is  supported  by 
Figure  10  which  plots  7}- versus  T^ax  (taken  at  10  kHz)  for  a  number  of 


Temperature  (K) 

FIGURE  9  Components  of  dielectric  constant  for  Pb(Mgi/3Nb2/3)03.  Xu  is  approximated  by 
X  at  100  kHz  and  6x  is  approximated  by  the  difference  of  XiookHz  and  Xo.ikHz- 
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relaxors.  A  close  correlation  between  the  two  temperatures  is  evident.  Since 
Tf  is  caused  by  the  sharpening  of  polarization  order  in  the  domains  due  to 
the  ferroelectricity  and  r^ax  signals  the  strength  of  ferroelectric  interactions, 
a  correlation  between  the  two  is  expected.  Both,  in  essence,  are  caused  by 
many-body  effects  of  dipole -dipole  interactions. 

Other  aspects  of  our  model  are  also  consistent  with  the  experimental 
observations  if  we  empirically  accept  a  constant  6x  and  incorporating  the 
many-body  effects  into  Eq.  (3)  by  identifying  with  £’kf+  i^km-  As  shown 
in  Figure  11,  relaxors  that  have  a  higher  content  of  PbTi03  are  found  to 
have  a  lower  E^.  This  is  partly  due  to  a  stronger  ferroelectric  interaction 
which  makes  dipole  flipping  easier.  Another  important  effect  of  Ti  addition 
on  Es,  is  through  the  decrease  of  the  spacing  of  ferroelectrically  active  sites. 
As  a  result,  the  kink  height  is  lowered  and  hence  the  formation  energy  of  the 
kink  pair.  Conversely,  the  substitution  of  Pb  by  non-lone-pair  cations  such 
as  Ba,  La,  and  Na  all  have  the  same  effect  of  increasing  the  spaeing  of 
ferroeleetrically  active  sites.  Consequently,  their  E^  increases  independent  of 
the  type  of  A-site  substitution,  as  shown  in  Figure  11. 


FIGURE  10  Jmax-T/ correlation  for  relaxor  materials.  The  upper  dashed  line,  7>  =  is 
approached  at  a  unique  temperature,  440  K,  which  coincides  with  T/R/C  transition  in  relaxor- 
PbTi03  systems  (T^pb). 
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FIGURE  11  Activation  energy  of  A-site  and  B-site  modified  Pb(Mgi/3Nb2/3)03. 

5.  RELAXOR-NORMAL  FERROELECTRIC  TRANSITION 

According  to  the  atomistic  picture  that  we  proposed  in  our  previous  paper, 
shown  here  in  Figure  12,  different  polarization  states  in  relaxors,  such  as 
(111)  polar  states  of  Nb  ions,  are  separated  by  an  energy  barrier  Vq  that  is 
biased  by  a  long  range  internal  field  (Curie-Weiss  field)  U  due  to  dipole - 
dipole  interactions.  This  field  is  empirically  correlated  to  Tmax-  As  the  T^ax 
increases,  it  is  possible  that  the  barrier  vanishes  at  a  certain  point.  We  now 
believe  that  the  latter  condition  corresponds  to  the  relaxor-normal  ferro¬ 
electric  transition  shown  in  Figure  5.  Ferroelectrics  having  a  r^ax  higher 


V  V 


Unbiased  Biased  by  internal  field 

FIGURE  12  Energy  barrier  for  B-site  hopping  (also  for  kink  migration)  in  relaxor  materials. 
Fq  is  the  barrier  in  the  paraelectric  state.  In  the  ferroelectric  state,  the  barrier  is  biased  by  the 
internal  field  due  to  orientation  correlation  of  neighboring  dipoles. 
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than  the  critical  temperature,  450  K,  have  barrierless  flipping  of  polarization 
when  aided  by  an  internal  field,  e.g.,  in  the  case  of  domain  wall  movement 
into  an  unpolarized  region.  This  condition  is  realized  during  cooling 
through  the  Curie  temperature.  As  the  domain  walls  move  freely  across  the 
lattice,  large  domains  form  in  the  ferroelectric  crystal.  The  other  feature  of 
this  critical  state  is  that  7>  =  meaning  sharp  polarization  order  across 
a  domain  wall. 

The  biased  energy  barrier,  in  Figure  12,  corresponds  to  the  migration 
energy  of  the  kink.  The  bias  effect  of  different  T^ax  is  seen  in  Figure  13  for 
three  relaxors  PMN,  PZN  (Z  standing  for  Zn)  and  PNN  (the  middle  N 
standing  for  Ni).  As  T^ax  increases,  the  activation  energy  decreases. 
Extrapolating  the  data  to  T^ax=^0  and  subtracting  a  kink  formation  energy 
contribution  27Z?^  =  25meV(7=  lOmeV/m^  is  the  domain  wall  energy 
and  b  the  spacing  between  Nb  ions),  we  obtain  an  unbiased  migration 
energy,  Vq  in  Figure  12,  of  82meV.  This  is  consistent  with  the  values 
previously  obtained  by  optical  spectroscopy  for  Nb  hopping  in  paraelectric 
KNbOs  Furthermore,  extrapolating  Figure  13  to  450  K,  where  the 
boundary  between  normal  ferroelectric  and  relaxors  is  placed  according  to 
Figure  5,  we  find  the  activation  energy  to  be  entirely  made  of  kink  formation 
energy,  meaning  that  the  migration  barrier  has  indeed  disappeared  because 
of  the  bias  of  ferroelectric  interactions. 

Thus,  the  relaxor-normal  ferroelectric  transition  corresponds  to  a  critical 
value  of  the  Curie  Weiss  field  which  is  sufficient  to  allow  barrierless 
polarization  flipping  on  an  atomic  scale.  The  fact  that  the  critical  value  of 
Tmax  is  universal  among  all  the  Pb(B  ^^3Nb2/3)03 -PbTiOs  relaxors  implies 
the  same  Nb  hopping  barrier  in  the  absense  of  the  Curie- Weiss  field.  This 
universality  is  corroborated  by  the  structural  universality  of  the  same  off- 
center  Nb  displacement  in  all  the  ferroelectric  niobates  Given  the 
structural  universality  of  Nb,  it  is  not,  after  all,  surprising  to  see  the  very 
good  correlations  between  all  the  characteristic  temperatures  and  properties 
of  relaxor  ferroelectrics  as  we  demonstrated  here. 


6.  CONCLUSIONS 

We  have  shown  that  the  domain  wall  model  can  be  successfully  applied  to 
relaxors  despite  their  relatively  complex  chemical  environments  and  the  very 
fine  polar  regions  with  distributed  inhomogeneities.  In  the  low  temperature, 
large  field  regime,  it  is  analogous  to  the  dislocation  model  for  plastic 
deformation  and  provides  very  simple  thermal  activation  parameters  that 
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FIGURE  13  Activation  energy  of  three  isostoichiometric  relaxors  showing  the  effect  of  Tmax- 

elucidate  the  nature  of  domain  switching.  Compared  to  normal  ferro- 
electrics,  relaxors  have  spatially  smaller  barriers  for  domain  switching.  The 
size  of  these  barriers  is  of  the  order  of  several  nanometers  and  can  be  readily 
modified  by  solid  solution  alloying.  By  overcoming  these  barriers,  long 
range  domain  wall  motion  is  possible  and  can  account  for  the  observed 
relaxor  behavior  of  polarization  and  depolarization  at  low  temperatures  and 
low  frequencies.  Moreover,  since  polarization  is  usually  incomplete  in 
relaxors  even  under  a  large  poling  field,  depolarization  readily  occurs 
without  the  need  of  nucleating  new  domains  as  in  normal  ferroelectrics. 

The  dielectric  behavior  at  low  field  and  high  frequencies  is  substantially 
attributed  to  domain  wall  oscillations  by  kink  motion.  These  domain  walls 
are  pinned  by  barriers  which  cannot  be  overcome  by  thermal  activation  at 
high  frequencies.  The  behavior  is  similar  to  that  of  dislocations  in 
anelasticity  but  is  complicated  by  the  presence  of  ferroelectric-paraelectric 
transition.  Above  the  transition  temperature,  which  generally  lies  in  the 
upper  range  of  domains  disintegrate  and  there  is  no  more  contribution 
from  domain  wall  oscillation.  Meanwhile,  the  spontaneous  susceptibility 
experiences  a  broad  maximum  at  the  transition  temperature  and  adds  to  the 
total  dielectric  response.  Below  the  transition  temperature,  on  the  other 
hand,  the  polarization  domains  become  increasingly  sharp  as  the 
temperature  lowers.  This  causes  increasing  difficulty  for  domain  wall 
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oscillation.  The  effect  scales  with  the  ferroelectric  interactions  so  that  the 
temperature  of  “freezing”  that  represents  the  low  temperature  limit  for 
domain  wall  oscillation  also  scales  with  Tmax-  The  combined  dielectric 
response,  taking  into  account  the  thermal  activation  of  kink  formation  and 
kink  migration  as  well  as  the  structural  sharpening,  produces  a  Vogel- 
Fulcher  type  of  behavior  reminiscent  of  glass  freezing. 

Alloying  effect  can  be  largely  characterized  by  the  magnitude  of  T^ax 
because  of  the  overriding  important  of  the  ferroelectric  interactions.  When 
Tmax  reaches  a  critical  value,  around  440  K,  the  Curie- Weiss  field  is  strong 
enough  to  allow  barrierless  polarization  flipping  on  an  atomic  scale.  This 
facilitates  the  formation  of  large  domains  and  destroys  the  microstructural 
signature  of  relaxors.  As  a  result,  barriers  become  increasingly  long  range  in 
nature  so  that  depolarization  does  not  occur  until  the  Currie  temperature 
when  polarization  correlation  itself  disappears.  Meanwhile,  domain  wall 
oscillation  is  largely  locked  because  of  the  sharp  order  parameter 
distribution.  Whatever  remains  mobile  for  barrierless  movement  will  have 
relatively  little  dissipation  and  hence  little  frequency  dispersion.  This 
relaxor-normal  ferroelectric  transition  can  be  readily  tuned  by  alloying  using 
ferroelectrically  active  and  inactive  cations. 
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We  propose  a  phenomenological  theory  for  the  dielectric  properties  of  relaxor  ferroelectrics 
undergoing  a  “relaxor-ferroelectric”  phase  transition  based  on  the  assumption  that  the 
interacting  polar  clusters  distributed  in  highly  polarizable  host  lattice  are  responsible  for  relaxor 
behavior.  Two  major  differences  between  relaxor  ferroelectrics  and  conventional  order-disorder 
ferroelectrics  have  been  employed  in  the  theory:  i)  the  existence  of  the  broad  distribution  of 
local  fields  experieneed  by  each  polar  cluster;  ii)  the  existence  of  the  distribution  of  relaxation 
times  giving  rise  to  non-exponential  non-critical  kinetics  which  may  compete  with  the  critical 
slowing  down  near  the  ferroelectric  phase  transition  temperature.  We  show  that  the  theory  is  in 
good  agreement  with  the  experiment  on  frequency  dependent  permittivity  in  PbSco.5Tao.5O3 
undergoing  the  first  order  ferroelectric  phase  transition. 

Keywords:  Relaxor  ferroelectric;  PbSco.5Tao.5O3;  phase  transition 


PACS  Numbers:  77.80.-e;  64.60.-i 

Relaxor  ferroelectrics  represent  a  new  class  of  ferroelectrics  which  have  been 
a  challenging  subject  since  their  detection  almost  forty  years  ago.  They  are 
mixed  and  disordered  systems  such  as  PbMgi/3Nb2/303  (PMN)  or 
PbSco.5Tao.5O3  (PST)  or  Ki_;cLixTa03  (KLT).  Relaxor  ferroelectrics 
possess  very  unusual  properties  which  have  been  the  subject  of  numerous 
investigations  in  the  recent  years  (see  for  example  Refs.  [1-13]). 

One  of  the  most  important  characteristics  of  relaxor  ferroelectrics,  is  the 
coexistence  of  low  frequency  dispersion  of  dielectric  permittivity,  typical  for 
spin  glasses,  with  very  high  values  of  the  permittivity  indicating  intermediate 
range  polar  order.  In  some  systems  like  PST  with  B-site  chemical  disorder 
or  KLT  above  the  critical  concentration  intermediate  range  polar  order 
can  transform  to  true  long  range  order  with  the  decrease  of  the  temperature. 
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The  terminology  relaxor-ferroelectric  phase  transition  has  been  used 
in  order  to  distinguish  between  a  conventional  paraelectric-ferroelectric 
phase  transition.  In  other  systems  like  PMN  long  range  order  appears  with 
the  change  of  the  composition  or  by  applying  an  external  field 

Experiments  show  that  there  is  a  symmetry  breaking  on  a  nanometer  scale  as 
observed  from  Raman  scattering  and  X-ray  and  neutron  diffraction  This 
observation  implies  that  polar  clusters  exist  well  above  Tc  and  the  observed 
properties  of  relaxors  are  strongly  affected  by  the  reorientations  of  the  clusters. 

It  has  been  proposed^^^  that  the  polar  clusters  behave  like  large 
superparaelectric  dipole  moments.  The  broad  distribution  of  relaxation 
times  for  cluster  orientations  originates  from  the  distribution  of  the 
potential  barriers  separating  different  orientational  states  like  that  in  spin 
glasses  Models  can  not  explain  the  appearance  of  long  range  order 
with  the  change  of  the  material  composition  or  due  to  an  applied  external 
field.  On  the  other  hand,  it  has  been  proposed  recently  that  the  origin 
of  relaxor  behavior  is  due  to  the  domain  states  induced  by  the  static  random 
fields  (caused,  for  example,  by  charged  composition  fluctuations  in  PMN). 
Until  now  no  attempts  have  been  made  to  deduce  the  observed  properties  of 
relaxors  from  this  model. 

Below  we  develop  a  phenomenology  which  allows  one  to  incorporate 
within  the  same  formalism  the  effect  of  long  time  nonexponential  relaxation, 
typical  for  relaxors,  with  the  existence  of  a  true  ferroelectric  phase 
transition.  We  illustrate  the  predictions  of  the  theory  for  the  dielectric 
response  of  PbSco.5Tao.5O3  that  transforms  spontaneously  to  normal 
ferroelectrics  due  to  a  first  order  phase  transition.  In  the  approach  proposed 
below  we  further  develop  the  cluster  picture  of  relaxor  ferroelectrics  taking 
into  account  the  interaction  between  clusters  within  the  self-consistent 
random  local  field  theory 

We  start  from  the  master  equation  describing  the  relaxation  of  the 
polarization  of  each  cluster  to  a  quasi-equilibrium  state  which  depends  on 
the  value  of  the  local  field  at  any  moment  of  time 

^=-i(Pc,-W)),  (1) 

where  P^i  is  the  non-equilibrium  polarization  of  the  given  cluster  possessing 
the  relaxation  time  r.  Pli{E)  is  the  equilibrium  thermal  average  cluster 
polarization  in  the  local  field  E  induced  by  other  clusters.  In  general  E"  is  a 
time  dependent  random  field.  The  local  field  also  includes  the  contribution 
from  the  applied  field  E'ex  and  the  contribution  from  the  static  fields  caused 
by  the  imperfections  of  the  material. 
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In  order  to  calculate  the  observable  properties  of  the  system  one  should 
average  Eq.  (1)  with  respect  to  r  and  E.  For  this  purpose  we  rewrite  Eq.  (1) 
in  the  equivalent  integral  form 

/>ci(0  =  +  -  r (2) 

JO 

Then,  taking  the  average  in  Eq.  (2)  with  respect  to  r,  E  and  the  initial  cluster 
polarization  Pc\  (0),  we  obtain 


P{t)  =  P[0)m- (3) 

where 

g(f)  =  (4) 

P^<i{t)  =  JdEP^(E)f{E,P{t)),  (5) 

f{E,  P{t))  is  the  distribution  function  of  the  local  field.  It  depends 
parametrically  on  the  value  of  the  average  polarization  of  the  system  P{t). 
We  will  consider  below  /(£*,  P)  in  the  form 

mP)=f(E-'rP-^E,,y  (6) 

where  f(E)  is  a  symmetric  function.  This  form  of  /  is  consistent  with  the 
mean  field  approximation  f{E,  P)  =  6{E-^P-^eQEQjA'K),  where  8  is  the 
delta-function  and  7  the  local  field  phenomenological  parameter. 

In  mixed  systems  the  effect  of  composition  fluctuations  leads  to  a 
deviation  from  the  simple  mean  field  picture  that  can  be  taken  into  account 
by  the  replacement  of  the  (^-function  by  the  function  /  in  Eq.  (6)  with  the 
finite  width.  The  shape  and  the  width  of  f(E)  depends  not  only  on  the 
distribution  and  strength  of  the  paraelectric  moments,  but  also  on  any  static 
random  fields  caused  by  the  imperfections  of  the  material. 

The  value  760  E^JAti  in  Eq.  (6)  is  the  local  field  induced  by  the  external 
field  in  the  dielectric  media  with  the  dielectric  constant  eo:$>l  (i.e.,  we 
assume  that  the  polar  clusters  are  distributed  in  a  highly  polarizable 
dielectric  media).  In  relaxor  ferroelectrics  which  are  mainly  perovskite-based 
highly  polarizable  materials,  the  typical  values  are  £0  ^  10^- 
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As  seen  from  Eq.  (3),  the  slow  non-exponential  relaxation  of  the  system 
is  characterized  by  the  function  Q{t).  Assuming  an  Arrhenius  or  Vogel- 
Fulcher  (VF)  law  for  r{T) 

t[T)  =  Toexp[C//(r-  7o)l,  (7) 

we  may  write  Q{t)  in  the  form 

/»oo 

Q(t)  =  /  dUg{U),  (8) 

7(r-7’o)ln(Vro) 

where  g{U)  is  the  distribution  function  of  the  potential  barriers  and  we 
employed  a  commonly  used  approximation 

exp[-tMC/)]  =  e[U-  {T-  To)\nit/r)],  (9) 

valid  for  t>ro  and  6  is  the  theta  function.  The  temperature  To  in  Eq.  (7)  is  a 
“freezing”  temperature  of  local  clusters  which  indicates  the  glassy  behavior 
of  the  system.  In  random  systems  such  a  glassy  behavior  may  coexist  with 
the  long  range  order  The  Arrhenius  law  corresponds  to  To  =  0. 

Eqs.  (3)  and  (8)  can  be  applied  for  the  analysis  of  different  experimental 
situations  (e.g.,  decay  of  the  polarization,  the  difference  between  field-cooled 
and  zero  field-cooled  dielectric  susceptibility,  the  effect  of  a  frequency 
dependent  hysteresis  loop,  etc).  In  this  paper  we  will  concentrate  only  on  the 
calculation  of  the  frequency  dependent  linear  dielectric  susceptibility. 

In  order  to  calculate  the  steady  state  linear  dielectric  susceptibility  in  the 
presence  of  an  additional  time  independent  field  we  write 


P(0  =  F.  +  FiW,  (11) 

where  Ps  is  the  time  independent  polarization  induced  by  the  field  For 
=  0,  we  denote  Ps  as  the  spontaneous  polarization.  Assuming  P(0)  =  Ps 
in  Eq.  (3)  and  considering  a  linear  expansion  of  P^\t)  with  respect  to  Eqx 
and  Pi  (0,  we  obtain 


P,  =  j  dEPl^{E)fiE,P,), 


(12) 
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dE 


(ij) 


where  f{E,  is  given  by  Eq.  (6)  with  P  =  Ps,  -Eex  —  ^e?- 
Taking  the  Laplace  transform  of  Eq.  (13)  and  performing  an  integration 
by  parts  with  the  use  of  Eq.  (6)  and  the  definition  of  the  dielectric  constant 


e{u,  T)  =  47rdPi  {uj)/dE^J^  +  eo  (14) 


we  obtain 


£(w,  T) 


_ £o _ 

I  -  k{T)Q{uj,T)- 


In  Eq.  (15) 

k{T)  =  J  dEP^{E)^P^^ 

and  Q{uj,  T)  is  the  Laplace  transform  of  dQ(t)ldt  given  by 


(15) 


(16) 


Q(iv,T)  =  {l/(l+iu;T))  (17) 

For  a  broad  distribution  of  potential  barriers  Eq.  (17)  can  be  written  in  the 
form 


Q 


f 

Jo 


dUg{U), 


Q"{u,T)=^{T-To)g 


(r-ro)ln - 

WTO 


(18) 

(19) 


Note  that  Eq.  (15)  obtained  for  dielectric  permittivity  in  relaxor  ferro- 
electrics  is  different  from  the  equation 

e(uj,T)  =  6{0,T)Q{uj,T)  (20) 

which  has  been  widely  adopted  in  the  spin  glass  literature  as  a  pheno¬ 
menological  description  of  long  time  nonexponential  relaxation 
(^(0,  r)  is  the  equilibrium  (field-cooled)  permittivity).  This  difference  has 
not  been  recognized  in  recent  studies  where  Eq.  (20)  has  been  applied 
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to  relaxor  ferroelectrics  possessing  true  long  range  order.  The  authors  did 
not  address  the  point  that  in  this  case  a  comparison  of  Eq.  (20)  with  well 
known  results  for  regular  order-disordered  ferroelectrics  possessing  a 
single  relaxation  time  shows  that  due  to  the  effect  of  the  critical  slowing 
down,  the  value  of  r  in  Eq.  (17)  could  not  be  ascribed  to  the  relaxation  time 
of  independent  relaxators,  as  one  assumes  in  Eq.  (20).  One  can  see  from 
Eq.  (15)  that  the  description  of  low  frequency  dielectric  dispersion  in  terms 
of  Eq.  (20)  can  be  justified  only  if  the  second  term  in  the  denominator  of 
Eq.  (15)  is  small.  Such  a  situation  is  a  typical  one  for  spin  glasses  and 
dipole  glasses.  At  the  same  time,  in  relaxor  ferroelectrics  possessing  very 
large  values  of  dielectric  permittivity  £(uj,  T)  ^  Eq,  then  Eq.  (15)  can  not 
be  reduced  to  the  form  of  Eq.  (20). 

Eqs.  (15) -(19)  represent  the  proposed  phenomenological  description  of 
low  frequency  dispersion  in  relaxor  ferroelectrics  possessing  as  well  first  or 
second  order  phase  transitions  or  remaining  only  incipient  ferroelectrics 
which  do  not  show  any  spontaneous  polarization.  They  can  be  used  also  for 
the  reconstruction  of  the  relaxation  function  g  (cc;,  T)  from  the  experimental 
data  on  frequency  dependent  susceptibility.  We  illustrate  below  this 
possibility  for  PST.- 

PST  with  B-site  chemical  disorder  undergoes  a  first  order  relaxor- 
ferroelectric  phase  transition  at  ^  269  K.  The  dielectric  permittivity  of 
PST  shows  pronounced  frequency  dispersion  with  the  position  of  a 
frequency  dependent  maximum  obeying  the  VF  law 

u  =  (21) 

where  a;  is  the  frequency  of  the  applied  field,  is  the  temperature  of  the 
permittivity  maximum  corresponding  to  frequency  to. 

It  has  been  widely  accepted  that  a  VF  type  relation  for  the  permittivity 
maximum  is  a  consequence  of  the  VF  law,  Eq.  (7)  for  the  relaxation 
frequency.  This  assumption  has  been  argued  recently  by  Tagantsev  who 
proposed  that  observed  in  PST  of  VF  like  frequency  dependence  of  can 
be  explained  with  the  use  of  an  Arrhenius  temperature  dependence  of  r 
taking  into  account  the  existence  of  the  first  order  phase  transition  and  the 
fact  that  in  PST  Tq  T^.  The  important  conclusion  of  the  Tagantsev 
analysis  is  the  indication  that  Tm  is  influenced  significantly  by  the  values  of 
static  dielectric  constant  (at  uj  =  0),  not  only  by  the  specific  temperature 
dependence  of  r.  However  in  order  to*  be  more  conclusive  one  should 
analyze  the  shape  of  the  frequency  dependent  permittivity  as  a  funetion  of 
temperature  for  different  frequencies  not  just  the  frequency  dependence  of 
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the  permittivity  maximum.  Such  an  analyses  is  given  below  with  the  use  of 
Eq.  (15). 

First,  we  extrapolated  experimental  data  and  extracted  the  static 
permittivity  above  Tc  as  shown  in  Figure  1  (dashed  curve).  Then,  using  Eq. 
(15)  and  the  fact  that  at  a;  =  0  is  equal  to  1,  we  obtained  the  values  of 
k(T)  above  T^.  We  used  the  value  Eq  ^  500  for  the  host  lattice  permittivity  in 
agreement  with  the  low  temperature  values  of  6(T)  Indeed,  at  low 
temperatures  polar  clusters  are  frozen  and  observed  dielectric  response  is 
determined  entirely  by  the  host  lattice. 

With  given  values  of  k(T)  and  experimental  values  of  frequency 
dependent  permittivity  e'  (loi,  T)  at  frequency  Ui=  10  kHz  (curve  1)  we 
have  calculated  the  values  of  Q'  {uu  T)  using  Eq.  (15)  and  the  fact  that  Q' 

According  to  Eq.  (18)  Q'{u,  T)  is  a  function  of  {T—  Th) In (cjtq),  and 
therefore  one  can  verify  that  Q’  (a;,  T)  =  Q  {ux,  Tx)  with  Tx=  {T-  Th) 
(ln(cjro)/ln(cc?iro))  +  Tq.  Using  this  scaling  relation' one  can  reconstruct  the 
values  of  Q'{u;,  T)  at  other  frequencies  and,  therefore,  the  values  of  T) 
using  the  obtained  values  of  Q  '{to,  T),  The  results  of  such  a  reconstruction 
are  presented  in  Figure  1  for  the  upper  100  Hz  (curve  2)  and  lower  1  MHz 
(curve  3)  boundary  frequencies  used  in  the  experiment.  We  used  tq  10“^^ 
in  accordance  with  Ref.  [7]. 


Temperature  (K) 


FIGURE  1  Real  part  of  permittivity  in  PST  for  frequencies  100  Hz  (2),  10  kHz  (1),  and  1  MHz 
(3).  Vertical  dashed  line  denotes  the  first  order  phase  transition  temperature. 
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One  can  see  from  Figure  1  that  with  the  developed  phenomenological 
approach  we  were  able  to  reproduce  with  rather  good  accuracy  the  shape  of 
the  temperature  dependence  of  permittivity  at  different  frequencies  o’f  the 
applied  field.  The  parameter  of  the  fit  Tb  is  found  to  be  To  =  255K.  This 
result  means  that  the  employment  of  the  VF  law  for  r{T)  is  very  crucial  for 
obtaining  the  correct  temperature  and  frequency  dependence  of  permittivity 
for  PST.  The  VF  relation  results  simultaneously  in  the  very  fast  temperature 
dependence  of  permittivity  with  a  rather  slow  dependence  on  ln(6c;To).  At  the 
same  time  an  Arrhenius  like  dependence  of  t(T)  would  result  in  an 
extremely  fast  dependence  of  permittivity  on  ln(Li;ro)  inconsistent  with  the 
experimental  data. 

In  conclusion  we  have  presented  a  simple  phenomenological  theory 
describing  qualitatively  the  characteristic  anomalies  of  relaxors  undergoing 
a  relaxor-ferroelectric  phase  transition.  The  theory  combines  the  equili¬ 
brium  properties  of  disordered  ferroelectrics,  which  deviate  from  the 
predictions  of  mean  field  theory,  with  the  effect  of  non-critical  non¬ 
exponential  relaxation  and  can  be  used  for  the  characterization  of  complex 
materials  with  relaxor  behavior. 
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A  comparative  study  of  the  influence  of  both  mobile  and  randomly  quenched  impurities  and 
their  associated  defect  complexes  on  ferroelectric  phase  transformations  in  lead  zirconate 
titanate  ceramics  has  been  performed  by  dielectric  spectroscopy  and  transmission  electron 
microscopy.  These  investigations  have  shown  a  strong  dependence  of  the  structure-property 
relations  on  the  mobility  of  impurities  and/or  defect  complexes  in  the  temperature  range  near 
and  below  the  phase  transformation.  Impurities-defects  which  are  mobile  until  temperatures 
below  the  transformation  are  believed  to  preferentially  locate  near  domain  boundaries,  resulting 
in  polarization  pinning.  For  these  compositions,  no  evidence  of  relaxor  ferroelectric  behavior 
was  observed.  However,  for  the  compositions  whose  impurities-defects  were  essentially 
immobile  from  temperatures  above  the  ferroelectric  phase  transformation,  relaxor  behavior 
and  polar  nanodomains  were  found.  Studies  of  the  influence  of  electrical  and  thermal  histories 
on  properties  provided  additional  insights  into  the  influence  of  impurity-defect  mobility. 

Keywords:  Phase  transformation;  domain;  perovskite;  dielectric  constant;  ferroelectric; 
polarization 


1.  INTRODUCTION 

In  ABO3  perovskites  such  as  Pb(Zri_;cTiJ03  (PZT),  A-site  cations  play  an 
important  role  in  the  development  of  long-range  polar  order,  as  they  make 
the  dominant  contribution  to  the  ferroelectric  displacement  and  serve  to  link 
neighboring  BOe  octahedra  [Thomas  (1990)].  The  coupling  between 
neighboring  B06  octahedra  can  be  weakened  by  A-site  compositional 
modifications,  resulting  in  significant  changes  in  the  nature  of  the 


275 


276 


Q.  TAN  et  al. 


ferroelectric  phase  transformation.  Various  changes  have  been  reported  due 
to  compositional  modifications.  Three  general  changes  which  are  often 
reported,  include:  (i)  a  partial  disordering  of  the  ferroelectric  state 
characterized  by  decreases  in  both  the  remenant  polarization  and  coercive 
field,  (ii)  a  shifting  of  the  ferroelectric  phase  transformation  temperature, 
and  (iii)  the  development  of  a  frequency  dependence  in  the  dielectric 
response. 

The  most  pronounced  changes  in  the  ferroelectric  properties  with  small 
concentrations  of  A-site  substitutions  are  reportedly  found  using  aliovalent 
compositional  modifications  [Haertling  and  Land  (1971);  Ikeda  and  Okano 
(1964);  Jaffe,  Cook  and  Jaffe  (1971)].  Aliovalent  A-site  modifications  can  be 
categorized  on  the  basis  of  the  compensation  mechanism  required  to 
maintain  charge  neutrality:  (i)  A-site  modifications  which  require  associated 
A-site  vacancies  [Haertling  and  Land]  such  as  La^'*',  and  (ii)  A-site 
modifications  which  require  B-site  vacancies  created  by  pentavalent  ions  on 
B-sites  and  suppresses  A-site  ones  [Ikeda  and  Okano  (1964)]  such  as 
Previous  studies  of  La^^ -modified  PZT  (PLZT)  have  shown  dramatic 
changes  in  ferroelectric  properties  and  domain  stability  with  increasing 
La^^  impurity  concentrations.  [Haertling  and  Land  (1971);  Dai,  Xu  and 
Viehland  (1994);  Li,  Dai,  Chow  and  Viehland  (1995)]  Systematic  studies  of 
the  structure-property  relationships  have  revealed  a  common  sequence  of 
domain-like  states  with  increasing  La^^  concentration  [Dai,  Xu  and 
Viehland  (1994)],  including:  (i)  normal  micron-sized  domains,  (ii)  tweed-like 
subdomain  structures,  and  (iii)  polar  nanodomains.  Corresponding  di¬ 
electric  investigations  demonstrated  normal  ferroelectric  phase  transforma¬ 
tion  characteristics  for  micron-sized  domains,  a  strongly  broadened 
transformation  for  tweed-like  subdomains,  and  relaxor  ferroelectric 
behavior  for  polar  nanodomains.  Recent  studies  of  ^-modified  PZT 
( PKZT )  have  shown  significantly  different  changes  in  ferroelectric  proper¬ 
ties  and  phase  stability  with  increasing  impurity  concentrations  [Tan, 
Xu,  Li  and  Viehland  (1996)],  relative  to  La^^,  These  investigations  have 
shown  the  development  of  “wavy”  domains  from  micron-sized  domains 
with  relatively  small  concentrations  (~1  at.%).  Further  increments  in 
concentration  did  not  result  in  dramatic  changes  in  domain  stability. 
Comparisons  of  dielectric  property  data  suggested  that  the  “wavy”  domains 
result  from  pinning  effects. 

The  differences  in  the  structure-property  relationships  between  lower  and 
higher  valent  A-site  substitutions  might  be  due  in  part  to  a  difference  in 
mobilities  of  the  two  general  types  of  modifications  in  the  temperature  range 
near  and  below  the  ferroelectric  phase  transformation.  Lower  valent 
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modifications  result  in  B-site  vacancies  which  reside  on  the  center  of  each 
B06  octahedron  and  which  are  relatively  large,  whereas  higher  valent 
modifications  result  in  A-site  vacancies  which  reside  within  eight  neighboring 
B06  octahedra  and  which  are  relatively  small.  Consequently,  higher  valent 
impurities  might  remain  significantly  more  immobile  to  higher  temperatures, 
than  lower  valent  ones.  However,  the  information  available  concerning  the 
influence  of  higher  and  lower  valent  modifications,  and/or  mobile  versus 
immobile  (quenched)  impurities  is  very  limited.  In  addition,  the  difference  in 
mechanisms  resulting  in  domain  structure  changes  for  the  various  types  of 
impurities  and  resultant  property  changes  has  not  been  studied. 

The  purpose  of  this  work  was  to  systematically  investigate  in  a 
comparative  manner  the  influence  of  both  lower  and  higher  aliovalent 
compositional  modifications  on  the  ferroelectric  behavior  of  rhombohedral- 
structured  PZT.  It  was  anticipated  that  the  difference  between  lower  and 
higher  valent  modifications  might  be  understood  in  terms  of  differences 
between  mobile  and  randomly  quenched  impurities,  respectively.  In 
addition,  it  was  hoped  that  a  better  understanding  of  ferroelectric  phase 
transformations  in  impure  systems  might  develop,  in  particular  with  respect 
to  the  importance  of  interactions  between  impurities  (mobile  and  quenched) 
and  domains. 


2.  EXPERIMENTAL  DESIGN 

Studies  were  made  on  (Pbi_3/2xLa;f)  (Zro.65Tio.35)03  (PLZT  lOOx/65/35) 
and  Pb;cKi„;,(Zro.65Tio.35)i-x/403(PKZT  lOOx/65/35)  ceramics  fabricated  by 
a  conventional  mixed  oxide  method.  The  purities  of  PbO,  La203,  K2CO3, 
Zr02  and  Ti02  powder  were  99.9%.  The  weighted  powders  were  mixed  with 
isopropyl  alcohol  and  ball  milled  for  5  hours  using  a  magnesium  oxide 
stabilized  zirconium  oxide  media.  The  slurries  were  then  dried  at  78°C 
followed -by  a  calcination  at  850°C  for  4  hours.  After  further  ball  milling  of 
the  calcined  powder  for  10  hours  in  isopropyl  alcohol  and  subsequent 
drying,  the  powder  was  sieved  with  a  100-mesh  sieve  to  be  further 
homogenized.  The  green  compact  formed  at  a  hydraulic  pressure  of  about 
25kPsi  was  sinter-forged  at  1150°C  for  2  hours  under  a  pressure  of  60  MPa. 
Such  densified  specimens  were  then  annealed  at  1300°C  for  2  hours  in  a  PbO 
excess  environment,  in  order  to  reach  a  coarse-grained  state  (~1  pm). 

The  complex  dielectric  permittivity  was  measured  using  a  Hewlett- 
Packard  4284A  inductance-capacitance-resistance  (LCR)  meter  which  can 
cover  a  frequency  range  between  20  and  10^  Hz.  Dielectric  measurements 
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were  made  by  putting  the  specimens  in  a  small  tube  furnace  specifically 
equipped.  The  P-E  behavior  was  characterized  with  a  computer-controlled, 
modified  Sawyer-Tower  circuit  using  a  measurement  frequency  of  50  Hz. 

Thin  sections  were  prepared  for  TEM  studies  by  ultrasonic  core  drilling  3- 
mm  diameter  discs  which  are  mechanically  polished  to  ~  100  pm.  The  central 
portions  of  the  discs  were  further  ground  by  a  dimpler  to  ~15  pm,  and  argon 
ion-milled  to  perforation  on  a  cold  stage.  Specimens  were  coated  with 
carbon  before  examination.  The  TEM  studies  were  carried  out  on  a  Phillips 
EM-420  microscope  at  120kV. 


3.  STRUCTURE-PROPERTY  RELATIONSHIPS 

OF  AND  MIODIFIED  PZT 

3.1.  Dielectric  Studies 

Figures  1(a)  and  (b)  show  the  temperature  dependent  dielectric  constant 
data  for  various  compositions  in  the  PLZT  lOOx/65/35  and  PKZT  100x:/65/ 
35  sequences,  respectively.  The  data  shown  for  PLZT  were  taken  using 
measurement  frequencies  of  10^,  10^,  10\  10^,  5x10^  Hz.  The  data  shown 
for  the  PKZT  were  taken  using  frequencies  of  10"^,  10^  and  10^  Hz;  lower 
frequency  data  are  not  shown  due  to  Maxwell-Wagner  effects,  indicating  the 
presence  of  space  charge  conduction.  Figure  1(a)  exhibits  a  strong  influence 
of  La^"^  concentration  on  the  phase  transformation  and  the  dielectric 
response  characteristics.  For  0/65/35,  a  normal  ferroelectric  transformation 
can  be  seen  to  occur  near  360°C.  For  PLZT  4/65/35,  the  ferroelectric 
transformation  temperature  was  lowered  to  ~240''C  and  the  temperature 
dependent  response  was  significantly  broadened,  relative  to  the  base 
composition.  Upon  increasing  the  La^^  concentration  to  8  at.%,  the 
dielectric  constant  maximum  was  shifted  down  to  ~110°C  and  strong 
relaxor  ferroelectric  characteristics  became  evident,  indicating  significant 
disordering  of  the  ferroelectric  state  which  persists  on  cooling  until 
temperatures  far  below  that  of  the  dielectric  maximum. 

Figure  1(b)  illustrates  the  dependence  of  concentration  on  the 
temperature  dependent  dielectric  response.  The  changes  with  increasing 
can  be  seen  to  be  significantly  different  than  that  with  increasing  La- 
content.  For  the  composition  0.2/65/35,  a  ferroelectric  phase  transformation 
can  be  seen  to  occur  near  360°C,  however  the  value  of  the  dielectric  constant 
was  significantly  lower  than  that  for  0/65/35  shown  in  Figure  1(a).  For  the 
PKZT  4/65/35,  a  small  decrease  of  the  temperature  of  the  dielectric 
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FIGURE  1  Dielectric  constant  as  a  function  of  temperature  for  various  PLZT  and  PKZT 
compositions,  (a)  PLZT  0/65/35,  4/65/35,  and  8/65/35,  and  (b)  PKZT  0.2/65/35,  4/65/35,  and 
8/65/35. 

maximum  (Tmax)  to  ~340°C,  a  slight  decrease  (~5%)  in  the  maximum 
value  of  the  dielectric  constant  ( i^max)»  and  a  minor  degree  of  broadening  of 
the  temperature  dependent  response  characteristics  were  observed.  On 
further  increasing  the  concentration  to  8  at.%,  ^max  was  decreased  to 
~300°C,  A^max  was  decreased  by  ~40%,  and  a  strong  broadening  of  the 
temperature  dependent  characteristics  was  observed.  The  comparisons  of 
these  results  to  those  for  PLZT  clearly  demonstrate  a  significant  difference 
between  the  effects  of  lower  and  higher  valent  A-site  compositional 
modifications  on  PZT. 


3.2.  TEM  Studies 

Room  temperature  bright  field  images  are  shown  in  Figures  2(a) -(d)  for 
PLZT  0/65/35,  4/65/35,  8/65/35  and  10/65/35.  Distinct  changes  in  the 
domain  size  and  morphology  are  evident  in  Figure  2  with  increasing 
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FIGURE  2  Room-temperature  bright-field  TEM  images  for  various  PLZT  compositions, 
(a)  0/65/35,  (b)  0/65/35,  (c)  8/65/35  and  (d)  8/65/35. 


La-content.  For  the  composition  0/65/35  normal  micron-sized  domains  are 
readily  observed  at  room  temperature  (see  Fig.  2(a)).  This  domain  structure 
had  a  stripe-like  morphology,  where  the  stripes  extend  from  grain  to  grain. 
The  dielectric  response  for  0/65/35  was  typical  of  a  normal  long-range 
ferroelectric  state,  no  evidence  of  relaxor  behavior  or  broadening  of  the 
phase  transformational  characteristics  were  observed.  For  the  composition 
4/65/35  (Fig.  2(b)),  a  micron-sized  domain  structure  with  a  stripe-like 
morphology  was  again  observed.  However,  a  finer-scale  subdomain 
structure  can  be  seen  to  coexist  within  the  micron-sized  domain  patterns. 
These  smaller  domains  were  near-periodically  spaced  and  had  a  striation- 
like  morphology.  This  subdomain  structure  may  provide  partial  stress-relief 
of  internal  electrostrictive  strains  associated  with  polarization  nonunifor- 
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mity,  and  may  be  the  first  stage  of  relaxation  of  the  traditional  micron-sized 
domain  structure  to  a  polar  nanodomain  state.  The  corresponding  dielectric 
response  for  4/65/35  had  little  relaxor-like  character,  however  a  strong 
broadening  of  the  response  was  evident.  For  the  composition  8/65/35  (see 
Fig.  1(c)),  no  normal  micron-sized  domains  were  observed  at  room 
temperature,  rather  tweedlike  structures  were  evident.  The  corresponding 
dielectric  response  for  8/65/35  exhibited  only  weak  relaxor  characteristics. 
For  the  composition  10/65/35,  polar  nanodomains  were  observed  as 
previously  reported  [Li,  Dai,  Chow  and  Viehland  (1995)].  In  addition, 
enhanced  relaxor  ferroelectric  characteristics  were  evident  in  the  dielectric 
response  characteristics. 

Figures  3(a)  ~(d)  show  the  room  temperature  bright-field  images  for  the 
PKZT  compositions  0.2/65/35,  1/65/35,  4/65/35  and  8/65/35,  respectively. 
Significant  changes  in  the  domain  structure  can  be  seen  with  increasing  K- 
content.  For  0.2/65/35  (Fig.  3  (a)),  normal  micro-sized  180°  domains  can 
readily  be  seen,  which  are  typical  of  a  long-range  ordered  ferroelectric  state. 


FIGURE  3  Room-temperature  bright-field  TEM  images  for  various  PKZT  compositions, 
(a)  0.2/65/35,  (b)  1/65/35,  (c)  4/65/35,  and  (d)  8/65/35. 
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The  domains  are  several  microns  in  length  and  ~0.5  |am  in  width.  However, 
with  the  addition  of  only  1  at.%  significant  changes  in  the  domain 
morphology  were  observed.  In  Figure  3(b),  the  size  of  the  domain  structures 
can  be  seen  to  be  decreased  dramatically  for  1/65/35,  relative  to  that  for  0.2/ 
65/35.  The  length  of  the  domains  was  less  than  1  pm  and  their  widths  were 
less  than  0. 1  pm.  In  addition,  the  domain  boundaries  can  be  seen  to  be 
significantly  more  wavy,  relative  to  the  nearly  straight  boundaries  found  for 
the  lower  K-content  specimen. 

With  increment  in  the  K-content,  the  changes  in  the  domain  patterns  were 
found  to  become  more  pronounced.  For  4/65/35,  a  further  decrease  in  the 
domain  size  was  observed,  as  can  be  seen  in  Figure  3(c).  The  lengths  of  the 
domains  were  less  than  0.5  pm  and  their  widths  were  approximately  several 
hundred  angstroms.  In  addition,  the  degree  of  wavy  character  in  the  domain 
patterns  was  significantly  increased  with  increasing  In  fact,  the 

waviness  was  the  dominant  morphological  characteristic  of  the  patterns  for 
4/65/35.  However,  it  should  also  be  noticed  that  the  domains  maintained  a 
significant  degree  of  preferred  orientation  along  a  family  of  crystal- 
lographically  equivalent  polar  directions.  The  waviness  in  the  morphology 
was  due  to  continuous  bending  of  the  domain  orientation  between  various 
equivalent  directions  on  a  length  scale  of  ~  0.5  pm.  For  8/65/35,  the  trends 
of  decreasing  domain  size  and  increasing  irregularity  in  the  domain  patterns 
were  observed  to  continue,  as  can  be  seen  in  Figure  3(d).  For  this 
composition,  the  presence  of  polar  clusters  of  nanodomains  was  infre¬ 
quently  found.  The  characteristic  feature  for  high  K-content  ferroelectrics  in 
the  lOOx/65/35  sequence  was  the  irregular  wavy  domain  patterns. 

Comparison  of  the  results  presented  above  for  PKZT  lOOx/65/35  to  those 
for  PLZT  100x:/65/35  will  reveal  distinct  differences  between  the  influence  of 
lower  valent  A-site  modifications,  relative  to  higher  valent  ones.  For  PLZT, 
normal  micron-sized  domains  were  found  to  remain  present  with  increasing 
La^^,  until  concentrations  between  4  and  6  at.%.  However,  for  PKZT,  a 
rapid  decrease  in  the  domain  size  was  observed  with  the  addition  of  only 
1  at.%  K^"^.  Further  increment  in  K^’*’  concentration  to  4  at.%  resulted  in 
additional  dramatic  changes  in  domain  size  and  morphology.  Although, 
higher  K^"^  concentrations  did  not  result  in  the  evolution  of  polar 
nanodomains  or  clusters  at  room  temperature,  as  La^^  modification  did. 
These  results  clearly  demonstrate  that  the  effects  of  minor  concentrations  of 
K^  ^  impurities  on  the  domain  structures  are  much  more  pronounced  than 
for  La^”^.  However,  ferroelectric  order  is  not  destroyed  by  high  K^"^ 
concentrations  as  for  La^"^,  rather  a  strong  degree  of  longer  range 
ferroelectric  order  is  maintained. 
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4.  INFLUENCE  OF  IMPURITY  DISTRIBUTIONS 

ON  FERROELECTRIC  PHASE  TRANSFORMATION 

4.1.  Polarization  Studies 

If  the  impurities  in  PKZT  remain  mobile  on  cooling  through  the 
ferroelectric  transformation,  then  they  could  readily  diffuse  to  the  domain 
boundaries  pinning  the  boundaries.  Randomly  quenched  impurities  could 
also  pin  boundaries,  however  they  lack  the  mobility  to  diffuse  to  the 
boundaries,  and  consequently  can  be  expected  not  to  have  a  high 
concentration  near  the  boundaries.  For  PKZT,  the  degree  of  switchable 
polarization  under  field  reversal  might  be  expected  to  decrease  with 
increasing  content,  as  the  density  of  pinned  walls  would  increase. 
Figures  4(a) -(d)  show  the  P-E  characteristics  for  PKZT  0.2/65/35,  1/65/35, 
4/65/35.  and  8/65/35.  These  results  clearly  demonstrate  the  presence  of 
strong  double-loop-like  polarization  curves.  Douple-loop-like  characteris¬ 
tics  have  previously  been  reported  in  aged  ferroelectric  ceramics.  [Griffiths 


PKZT 


FIGURE  4  Room-temperature  Sawyer-Tower  polarization  (P-E)  curves  for  various  PKZT 
compositions,  (a)  0.2/65/35,  (b)  1/65/35,  (c)  4/65/35,  and  (d)  8/65/35. 
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and  Russel  (1972);  Borchhardt  et  al.  (1980);  Johker  (1972);  Bradt  and  Ansee 
(1969);  Dederichs  and  Arlt  (1986);  Carl  and  Hardt  (1978)]  Inspection  of 
Figure  4  will  reveal  that  the  degree  of  switchable  polarization  decreases 
dramatically  with  increasing  ^  content.  Unmodified  PZT  has  a  switch- 
able  polarization  of  ~  30  pC/cm^.  However,  with  increasing  content  in 
the  range  of  1  to  4  at.%,  this  value  decreased  by  nearly  an  order  of 
magnitude.  For  contents  in  excess  of  8  at.%,  conduction  effects 
resulted  in  lossy  loops.  Comparison  of  these  results  with  the  microstructural 
results  in  Figure  3  will  demonstrate  the  presence  of  an  increasing  domain 
density  whose  polarization  becomes  increasingly  difficult  to  switch,  with 
increasing  K’  concentration. 

No  indications  of  pinning  effects  were  observed  with  increasing  La^^  for 
PLZT  lOOx/65/35,  in  fact  quite  the  opposite  was  found.  Figures  5(a) -(c) 
show  P-E  curves  for  the  PLZT  compositions  1/65/35,  4/65/35  and  8/65/35. 
Increasing  La^^  concentration  can  be  seen  to  reduce  the  coercive  field 
required  for  polarization  switching  and  to  increase  the  degree  of  switchable 


PLZT 


Electric  Reid  (kV/cm) 


FIGURE  5  Room-temperature  Sawyer-Tower  polarization  (P-E)  curves  for  various  PLZT 
compositions,  (a)  1/65/35,  (b)  4/65/35,  (c)  8/65/35. 
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polarization.  Although,  aging  of  PLZT  relaxors  over  long-time  periods  into 
a  pinned  condition  with  some  degree  of  double-loop  features  in  the  P-E 
curves  has  been  reported,  in  a  temperature  range  near  the  dielectric  constant 
maximum  [Carl  and  Hardt  (1978)]. 

Comparisons  of  the  P-E  results  for  PKZT  100x:/65/35  with  those  for 
PLZT  lOOx/65/35  will  demonstrate  that  La^"^  and  impurities  interact 
differently  with  the  domain  structures.  Impurities  which  are  quenched-in 
from  temperatures  above  the  ferroelectric  phase  transformation  would 
seemingly  provide  spatially  random  pinning  sites  within  domains  which  act 
to  disrupt  normal  long-range  ferroelectric  order,  whereas  impurities  which 
remain  mobile  until  temperatures  below  the  ferroelectric  phase  transforma¬ 
tion  seemingly  pin  domain  boundaries.  The  difference  in  impurity  mobility 
may  be  due  to  that  La^  ^  substitution  creates  Pb- vacancies  which  reside  in 
the  center  of  the  BOg  octahedra,  whereas  substitution  creates  O- 
vacancies  which  reside  at  the  corners  of  the  octahedra  and  are  relatively  well 
interconnected.  Consequently,  due  to  this  fundamental  structural  difference, 
defect  species  in  PKZT  may  remain  mobile  tg  significantly  lower 
temperatures  than  for  PLZT,  resulting  in  migration  of  defect  complexes 
to  domain  boundaries. 

Recent  computer  simulations  by  Parlinksi  et  al  [Parlinski  et  al.  (1995)]  of 
the  annealing  of  tweed  microstructures  in  high  superconductors  in  the 
presence  of  impurities  have  shown  interesting  results  which  may  provide 
important  insights  into  the  nature  of  the  evolution  of  domain  structures  in 
PLZT  and  PKZT.  These  studies  were  an  extension  of  previous  simulations 
performed  by  Semenovskaya  and  Khachaturyan  [Semenovskaya  and 
Khachaturyan  (1993a);  Semenovskaya  and  Khachaturyan  (1993b)]  who 
showed  in  YBa2Cu307_5  and  YBa2(Cui_;cFej307_^  for  0.5  <<5  <0.8  that 
tweedlike  structures  could  not  coarsen  into  microtwins,  rather  a  metastable 
or  “glassy”  mesophase  persists  in  the  low  temperature  state.  Parlinski  et  al 
(1995)  extended  these  simulations  by  varying  the  potential  between  oxygens, 
such  that  the  quenched  vacancies  could  either  be  random  or  assembled  into 
chains.  These  simulations  predicted  the  presence  of  very  fine  tweed-like 
structures,  which  decrease  in  size  with  increasing  quenched  impurity 
concentration.  Simulations  of  the  annealing  process  demonstrated  that  the 
fine  tweed-like  structures  could  grow  and  form  normal  twin  structures,  if 
impurities  were  allowed  to  diffuse  to  the  domain  boundaries  forming  linear 
chains.  However,  if  the  impurities  were  randomly  quenched-in,  the  fine 
tweed  structures  coarsened  some,  but  normal  twin  structures  did  not 
develop.  The  features  observed  in  the  domain  evolution  in  this  study  are 
consistent  with  these  simulations,  suggesting  that  defect  complexes  assemble 
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into  chain  fragments  for  PKZT  strongly  pinning  the  polarization  into  fine 
domain  structures,  whereas  impurities  are  randomly  quenched  in  for  PLZT 
resulting  in  a  metastable  mesophase. 


4.2.  Further  Evidence  of  Mobile  Nature  of  Impurities 

Domain-impurity  configurations  are  known  to  be  modified  by  an  applied 
electric  field.  For  example,  randomly  oriented  pinned  domains  can  be 
aligned  by  a  dc  field,  resulting  in  the  establishment  of  an  induced 
macroscopic  polarization.  However,  on  removal  of  the  bias,  the  internal 
fields  associated  with  the  defect  pinning  sites  result  in  the  recovery  of  the 
original  randomly  oriented  polydomain  state.  Under  the  action  of  large  ac 
fields,  the  domain-impurity  configurations  will  be  completely  disturbed  (i.e., 
deaging),  unless  the  impurities  are  sufficiently  mobile  as  to  move  with  the 
domain  boundaries. 

Aging  is  a  time-dependent  phenomena  in  which  the  remanent  polariza¬ 
tion,  saturation  polarization,  and  dielectric  constant  decrease  with  time  due 
to  a  pinning  of  domain  boundaries  by  defects  and/or  impurities.  Figure  6(a) 
shows  P-E  curves  for  PLZT  under  various  aging  conditions.  These  results 
demonstrate  significant  decreases  in  the  remenant  and  saturation  polariza¬ 
tions  with  increasing  number  of  cycles  of  an  ac  field.  These  changes  were 
found  to  be  irreversible  until  heating  the  specimen  at  700'^  C  for  1  hour,  and 
indicate  quite  dramatic  changes  in  domain  stability  and/or  pinning  during 
aging.  The  inability  to  recover  the  original  P-E  response  until  heating  at 
elevated  temperatures  is  undoubtedly  a  reflection  of  the  low  mobility  of  the 
La^^  impurities.  However,  significantly  different  results  were  found  for 
PKZT.  Figure  6(b)  shows  that  the  double-loop-like  character  of  the  P-E 
curves  was  reduced  and  that  the  degree  of  switchable  polarization  increased 
with  cycling  of  an  ac  field.  Furthermore,  the  aging  of  the  specimen  at  room 
temperature  was  reversible  at  room  temperature  on  removal  of  the  field. 
These  results  demonstrate  that  ^  impurities  are  significantly  more  mobile 
than  La^"^. 

Figure  7  proposes  a  possible  mechanism  explaining  the  configurational 
changes  of  domain-impurity  complexes  under  an  ac  field  for  mobile 
impurity-defect  complexes.  Before  application  of  an  ac  field,  mobile 
impurity  species  may  diffuse  to  domain  boundaries  resulting  in  pinning 
(Fig.  7(a)).  However,  under  application  of  an  ac  field,  the  domains  may 
breakaway  from  the  pinning  sites  and  the  mobile  defect  species  can  diffuse, 
resulting  in  a  partial  deaging  or  randomization  of  the  defect-domain 
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Electric  Field  (kV/cm) 


FIGURE  6  Fatigue  of  P-E  behavior  for  PLZT  4/65/35  and  PKZT  4/65/35.  (a)  PLZT  4/65/35 
after  10,  10^  I0^  3x10®  cycles  of  the  ac  field,  and  (b)  PKZT  4/65/35  after  10,  10^  10®  cycles. 


configurations,  as  shown  in  Figures  7(b).  Consequently,  an  increased 
polarization  due  to  switchable  domains  and  enhancement  of  conductivity 
due  to  the  drift  movement  of  impurities  is  observed.  However,  over  time 
after  removal  of  the  field,  the  mobile  impurity  complexes  diffuse  towards  the 
domain  boundaries,  resulting  in  a  recovery  of  the  original  defect-domain 
configuration,  as  shown  in  Figure  7(c). 

Further  evidence  of  the  mobile  character  of  ^  defect-complexes  was 
found  in  temperature  dependent  P-E  studies.  Figure  8  shows  the  P-E 
response  for  PKZT  1/65/35  taken  at  various  steady  state  temperatures  on 
heating  and  subsequent  recooling.  These  data  clearly  reveal  pronounced  and 
irreversible  changes,  depending  on  the  electrical  and  thermal  histories  of  the 
specimen.  At  room  temperature,  strong  double  loop-like  characteristics 
were  evident  in  the  P-E  response,  as  can  be  seen  in  Figure  8(a).  With 
increasing  temperature  to  150°C  (Fig.  8(b)),  the  switching  field  of  the 
double-loop-like  P-E  curves  began  to  decrease,  indicating  enhanced  mobility 
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FIGURE  7  Illustration  of  micromechanism  explaining  the  configurational  changes  of 
domain-impurity  complexes  under  an  ac  field  for  mobile  defect  complexes,  (a)  Before 
application  of  field,  (b)  after  application  of  field,  and  (c)  after  removal  of  field  and  re-ageing  of 
specimen. 


and  decreased  pinning  effects.  On  heating  to  220°C  (Fig.  8(c)),  nearly  all 
indications  of  double  loop  characteristics  disappeared.  On  subsequent 
recooling  to  200°C  (Fig.  8(d)),  double  loop  characteristics  began  to 
reappear,  indicating  the  re-establishment  of  pinned  defect-domain  config¬ 
urations.  In  addition,  the  P-E  curves  became  asymmetric  on  recooling  after 
cycling  with  an  ac  field.  No  such  asymmetry  was  initially  observed  before 
heating  under  ac  drives.  With  further  decrease  of  the  temperature  back  to 
25° C,  strong  double  loop  characteristics  and  asymmetry  were  evident  in  the 
P-E  response,  as  shown  in  Figure  8(e). 

After  recooling  back  to  25° C,  the  specimens  were  turned  over  and  the  P-E 
loops  measured.  These  measurements  revealed  a  reversal  in  polarity  of  the 
asymmetry  in  the  hysteresis  curves,  as  shown  in  Figure  8(f).  These  results 
clearly  demonstrate  the  presence  of  an  internal  field  or  bias,  which  was 
established  on  cycling  of  the  ac  field  during  cooling.  ^  defect  complexes 
would  seemingly  be  quite  mobile  above  150°C,  consequently  an  applied 
electrical  field  results  in  a  redistribution  of  defect  complexes  and  the 
development  of  internal  fields.  No  asymmetry  or  evidence  of  internal  bias 
fields  were  observed  for  PLZT,  confirming  the  importance  of  the  impurity 
defect  complex  mobility  and  subsequent  interactions  with  domain  bound¬ 
aries  for  PKZT. 
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Electric  Field  (kV/cm) 


FIGURE  8  Polarization  behaviors  of  PKZT  1/65/35  at  various  temperatures  on  heating  and 
subsequent  recooling,  (a)  30°C,  (b)  150°C,  (c)  220°C,  (d)  265°C,  (e)  200° C,  (f)  25°C,  and  (g) 
25°  C  after  reversal  of  specimen  orientation  in  test  fixture. 

The  influence  of  polarized  defects  on  ferroelectric  and  ferroelastic  phase 
transformations  has  previously  been  studied  both  experimentally  [Bye  and 
Keeve  (1972);  Fedorikhin  et  al.  (1980);  Martinez  et  al.  (1982);  Wieder 
(1959);  Gavrilova  et  al  (1981);  Volk  et  al.  (1983);  Zheludev  (1955);  Eisner 
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(1957);  Smolensky  et  al.  (1984)]  and  theoretically  [Levanyuk  and  Sigov 
(1988);  Lebedev  et  al  (1983);  Lebedev  et  al  (1984);  Yurin  et  al  (I960)],  The 
influence  of  polarized  defects  is  similar  to  that  of  a  homogeneous  field. 
Consequently  the  properties  and  phase  transformational  characteristics  of  a 
crystal  containing  polarized  defects  are  identical  to  that  under  application  of 
electric  field  or  elastic  strain.  Randomly  oriented  polarized  defects  have  been 
shown  to  result  in  double  loop  characteristics  in  the  P-E  response  [  Zheludev 
et  al  (1955);  Eisner  (1957);  Yurin  et  al  (I960)],  similar  to  that  observed  for 
PKZT.  In  addition,  the  development  of  oriented  polar  defects  has  been 
shown  to  result  in  strong  asymmetry  in  the  P-E  response  of  ferroelectrics, 
similar  to  that  observed  for  PKZT  on  cooling  under  ac  electric  field.  We 
believe  that  these  results  clearly  demonstrate  that  the  unusual  behavior  of 
PKZT  can  be  attributed  to  defect  mobility,  which  results  in  the  development 
of  complex  polarized  defect  structures  and  domain  boundary  pinning. 


5.  CONCLUSIONS 

A  study  of  the  influence  of  La^”^  (randomly  quenched)  and  K^"^  (mobile) 
modifications  on  PZT  has  been  performed.  These  investigations  have 
revealed  significant  differences  in  the  structure  property  relations  between 
these  two  modified  PZT  materials.  Mobile  impurities  were  found  to  suppress 
the  dielectric  constant  and  remenant  polarization.  The  P-E  behaviors  of 
these  materials  were  characterized  by  double  loop-like  characteristics,  in 
addition  asymmetry  was  observed  in  specimens  cycled  under  an  ac  electric 
field  on  cooling.  These  data  indicate  the  presence  of  a  polarized  defect 
complex  which  interacts  with  domain  boundaries,  resulting  in  polarization 
pinning.  No  evidence  of  relaxor  ferroelectric  behavior  or  polar  nanodo¬ 
mains  was  found  for  PKZT.  However,  impurities-defects  which  were 
randomly  quenched  from  temperatures  above  the  ferroelectric  phase 
transformation  (i.e.,  PLZT)  were  found  to  result  in  relaxor  behavior  and 
polar  nanodomain  formation. 
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The  ordering  of  Ba(Zni/3Ta2/3)03  is  altered  by  A-site  substitution  of  La  or  K.  The  ordering 
behavior  is  studied  using  X-ray  diffraction,  electron  microscopy,  and  Raman  spectroscopy. 
Ba]_jcLa;^-(Zn(] +;(,)/3Ta(2-A:)/3)03  shows  a  transformation  from  1:2  to  1:1  ordering  with  the 
increasing  La  content.  Bai  ;fK;c(Zn(i_,^)/3Ta(2  +  x)/3)03  displays  a  monotonous  decrease  in  1:2 
order  with  the  K  content.  The  ordered  domains  of  BLZT  first  shrink  in  size  with  x,  then 
transform  into  1:1  ordered  domains,  and  the  sizes  of  new  domains  increase  with  a:  again.  The 
effect  of  ordering  on  the  quality  factor  of  BLZT  is  discussed. 

Keywords:  Barium  zinc  tantalate;  ordering;  superlattice;  phase  transformation 


INTRODUCTION 

The  B-site  ordering  of  complex  perovskite  Ba(Zni/3Ta2/3)03  BZT  has  been 
considered  an  essential  factor  in  their  low  dielectric  loss  at  microwave 
frequencies.  Prolonged  annealing  enhances  the  long-range  ordering  of  Zn 
and  Ta  and  reduces  the  dielectric  loss  tangent  The  ordering  leads  to  a 
slight  expansion  of  cubic  perovskite  unit  cell  along  the  (111)  direction.  The 
atomic  arrangement  of  a  completely  ordered  structure  is  more  accurately 
represented  by  a  hexagonal  unit  cell  characterized  with  a  high  eja  ratio. 
Although  the  1:2  ordering  is  thermodynamically  preferred  complete 
ordering  is  usually  not  attained  after  heat  treatment.  It  is  believed  that  the 
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existence  of  hexagonal  regions  in  a  pseudoocubic  structure  is  the  origin  of 
high  quality  factor,  Sagala  and  Nambu^^^  modeled  the  dielectric  loss  tangent 
from  an  equation  of  ion  motions  that  was  a  function  of  B-site  ordering. 
They  concluded  that  the  mesoscale  disorder  of  B-site  ions  played  a  major 
role  in  the  microwave  loss. 

On  the  other  hand,  the  reports  on  the  solid  solutions  of  BZT  suggested 
that  other  factors  besides  1:2  ordering  could  be  equally  important. 
Substitution  of  4%  Zr  in  BZT,  Ba(Zr  Zn  Ta)03,  was  recorded  to  enhance 
the  Q  factor,  and  destroyed  the  long-range  ordering’^^^.  Addition  of  Sn  to 
form  another  solid  solution  of  similar  complex  perovskite  BMT,  Ba(Sn  Mg 
Ta)03,  was  detrimental  to  its  ordering  structure.  However,  5.0  mol%  Sn 
decresed  the  Q  value,  and  10-15  mol%  Sn  increased  the  Q  value  again^^l 
More  complex  solid  solutions  incorporating  1:1  ordered  complex  perovs- 
kites,  such  as  BZT  +  (Sr,  Ba)(Gai/2Tai/2)03,  improved  the  Q  value  with  no 
gain  in  the  1:2  ordering  Similarly,  the  study  on  the  1:2  ordering  of  solid 
solutions  of  BMT +  A(Mgi/2W  1/2)03  (A  =  Ba,  Sr,  Ca)  and  their  loss  tangents 
indicated  that  factors  other  than  the  degree  of  ordering  influenced  the  loss 
tangent.  Addition  of  0.5  mol%  Ba(Mgi/2W  1/2)63  was  found  to  increase  the 
Q  value,  and  additions  of  Sr(Mgi/2W  1/2)63  or  Ca(Mgi/2W  1/2)63  reduced 
the  Q  factor  All  these  additions  diminished  the  1:2  B-site  ordering  of 
BMT. 

This  study  investigates  the  effects  of  A-site  substitution  in  the  BZT  system 
by  X-ray  diffraction,  electron  microscopy,  and  Raman  spectroscopy.  The 
effects  of  substitution  on  the  long-range  order,  ordering  domain  and  local 
ordering  of  the  microstructure  and  the  Q  factor  are  discussed. 


EXPERIMENTAL 

Calculated  amounts  of  barium  carbonate  (Merck,  >  99%),  zinc  oxide 
(Aldrich,  >  99%),  tantalum  oxide  (Aldrich,  >  99%),  and  lanthanum  oxide 
( >  99%)  or  potassium  carbonate  ( >  99%)  were  dried,  weighed,  ball  milled, 
and  calcined  at  1 100°C  for  2  hr.  The  calcined  powder  was  ball-milled  again, 
and  dry  pressed  into  pellets  or  short  rods  at  1 500°C  in  air  for  2  hr.  Specimens  of 
the  following  compositions  are  fabricated,  Bai_;cLa:t(Zn(i+^)/3Ta(2-x)/3)63 
BLZT  and  Bai_^K^(Zn(i_;,)/3Ta(2  +  x)/3)63  BKZT. 

Sintered  specimens  of  relative  densities  98-99%  were  ground  and 
polished  and  examined  by  X-ray  diffraction  using  CuKo  radiation 
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(Rigaku,  Dmax-B).  The  scanning  rate  was  set  0.5°/min.  The  Raman 
spectra  of  polished  specimens  were  recorded  with  a  Renishaw  Raman- 
scope  (RS-2000)  using  a  He-Ne  laser  light  source.  Some  specimens  were 
thermal  etched  and  inspected  by  a  scanning  electron  microscope 
(Cambridge,  S360).  Some  crystals  were  ground  and  ion  milled  and 
investigated  by  a  JEOL  2000FXII  microscope.  The  dielectric  loss  tangent 
was  measured  in  a  cylindrical  resonator  cavity  using  an  HP  network 
analyzer  (Model  8722A). 


RESULTS  AND  DISCUSSION 

Substituting  La^^  for  Ba^^  has  a  significant  effect  on  Zn-Ta  ordering  in 
BZT.  The  X-ray  diffraction  pattern  of  BLZT  is  similar  to  that  of  BZT. 
Every  fundamental  reflection  of  BLZT  matches  one  of  BZT.  Yet  there  is  a 
difference  in  the  superlattice  reflections,  illustrated  in  Figure  1(a).  Figure 
1(a)  plots  the  diffraction  patterns  of  BLZT  between  10-40°.  The 
diffraction  peaks  are  indexed  based  on  a  hexagonal  cell  for  the  superlattice 
of  BZT  and  a  cubic  cell  for  BLZT  of  high  La  contents,  according  to  the 
structure  change  shown  later.  Both  intensities  of  (100)/,  and  (200)/^ 
superlattice  reflection  first  decrease  with  the  La  concentration  jc,  then 
vanish  at  x  =  0.02.  As  x>0.04,  another  set  of  superstructure  peaks  appear, 
shifting  about  1°  (17.7~>18.8°)  and  0.5°  (35.9^36.4°),  and  grow  with  x.  On 
the  other  hand,  the  substitution  of  only  reduces  the  Zn-Ta  ordering. 
Figure  1(b)  indicates  those  superlattice  reflections  of  BKZT  decrease  in 
intensity  without  shifting  in  diffraction  angles,  also  the  fundamental 
reflections  remain  unchanged. 

Selected  area  electron  diffraction  patterns  of  BZT,  BLZT  (x  =  0.02),  and 
BLZT  (x  =  0.2)  are  shown  in  Figure  2.  BZT  and  BLZT  (x  =  0.2)  have  two 
different  ordered  superlattices,  showing  different  arrangements  of  super¬ 
lattice  spots  embedded  upon  perovskite  fundamental  spots.  The  superlattice 
spots  divide  the  simple  perovskite  (111)  spacing  into  three  parts  for  BZT, 
but  only  two  parts  for  BLZT  (x  =  0.2).  The  ordered  structure  of  BLZT 
(x  =  0.2)  can  be  represented  by  a  doubled  unit  cell  superlattice  which  was 
also  found  in  many  complex  perovskites  with  1:1  ordering  The 

superlattice  reflections  of  BLZT  (x  =  0.02)  are  weak  and  diffuse,  showing 
both  1:2  and  1:1  ordering. 

The  degree  of  long-range  order  S  can  be  estimated  from  the  integrated 
intensity  ratio  of  /(100);,/{/(110);,  +  /(012);,  +  /(102);,}  or  7(111)^/7(220)^  in 
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FIGURE  1  (a)  X-ray  diffraction  pattern  of  BLZT  with  various  La  contents,  sintered  at 

1500°C  for  2  hours,  (b)  X-ray  diffraction  patterns  of  BKZT  with  various  K  concentrations, 
sintered  at  !500°C  for  2  hours. 


X-ray  diffraction  pattern.  The  ordering  parameters  S  of  BLZT  and  BKZT 
are  plotted  in  Figure  3.  The  long-range  ordering  of  BKZT  decreases 
monotonously.  The  1:2  ordering  of  BLZT  drops  to  zero  at  x  =  0.02,  then 
transforms  into  a  1:1  ordered  structure  and  its  degree  of  ordering  increases 
with  X  again. 

To  understand  the  evolution  of  ordering  pattern  with  x,  microstructural 
details  have  been  investigated  using  the  conventional  and  high  resolution 
transmission  electron  microscopy.  Figures  4  (a),  (b),  (c)  are  the  centered 
dark-field  images  of  ordered  microdomains  of  BLZT  with  x  =  0.0,  0.02, 
0.06  individually.  The  B-site  microdomains  in  BZT  have  a  size  range  of 
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(b)  20  (CuKa) 

FIGURE  1  (Continued). 


10-30  nm.  The  sizes  of  microdomains  in  BLZT  (x  =  0.02)  are  5-8  nm, 
much  smaller  compared  with  those  of  BZT.  The  domain  of  BLZT  (x  =  0.06) 
grows  to  a  significantly  bigger  size,  about  50-80  nm. 

Figures  5(a),  (b)  show  atomic  structure  images  of  a  BZT  specimen  with 
zone  axis  [011].  The  bracketed  region  (a)  is  enlarged  in  (b)  to  better 
illustrate  the  1:2  ordered  microdomains.  The  sizes  of  microdomains 
observed  in  BZT  are  around  10-25  nm.  The  microdomains  in  BLZT 
(x  =  0.02)  are  less  obvious,  with  smaller  sizes  about  5  nm,  indicated  in 
Figure  5(c).  The  HREM  micrographs  of  higher  La  concentration  are  even 
more  featureless,  with  fewer  observable  domain  boundaries.  Figure  5(d) 
shows  the  atomic  image  of  BLZT  with  x  =  0.06,  the  domain  size  is 
difficult  to  determine  from  this  micrograph.  The  above  observations 
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FIGURE  2  Selected  area  electron  diffract! on_  patterns  of  BLZT  showing  the  ordering 
variation  with  composition  x,  (a)  z  =  01 1,  (b)  z=  1 12. 


explain  why  the  long-range  order  of  BLZT  (x  =  0.02)  is  not  apparent  in 
the  X-ray  diffraction  pattern.  With  increasing  La  content,  the  1:2  ordered 
domains  are  reduced  in  size,  and  undergo  a  transition  to  the  1:1  domains 
then  grow  again.  For  the  specimen  with  x  =  0.02,  the  domain  sizes  are  so 
small  and  randomly  oriented  that  the  superlattice  reflections  are  smeared 
out  in  the  X-ray  diffraction  pattern. 

These  composition  fluctuations  and  the  ordering  transformation  in  these 
solid  solutions  are  also  indicated  in  Raman  spectra,  Figures  6(a),  (b).  The 
La  substitution  has  a  remarkable  influence  on  three  peaks  at  102,  375  and 
425  cm“’.  The  intensities  of  these  three  peaks  decrease  and  the  peaks 
broaden  (or  split)  at  x  =  0.02.  With  higher  La  concentrations,  these  three 
peaks  shift  and  sharpen  at  high  La  content,  x  =  0.2,  shown  in  Figure  6(a). 
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FIGURE  3  The  degree  of  long-range  order  S  versus  the  composition  parameter  x  of  BLZT 
and  BKZT.  Si  and  S2  denote  1:2  and  1:1  order  of  BLZT  respectively. 


When  x  =  0.2,  the  peak  at  102  shifts  to  117  cm“\  and  the  peaks  at  375  and 
425  cm""^  shift  to  338  and  415  cm“\  respectively.  This  shifting  in  peak 
positions  is  not  observed  in  Figure  6(b),  which  are  the  Raman  spectra  of 
BKZT.  With  increasing  K  content,  these  three  peaks  broaden  without 
shifting.  Similar  broadening  effects  on  these  three  Raman  peaks,  due  to  the 
decrease  of  1:2  local  ordering,  was  recorded  on  Ba(Nii/3Nb2/3)03  and 
Ba(Zni/3Nb2/3)03  It  is  obvious  that  the  ordering  transformation  in 
BLZT  has  a  strong  effect  on  the  local  bonding  environment,  which  was 
witnessed  by  Raman  peaks. 

Figure  7  plots  the  quality  factor  Q  of  BLZT  versus  its  composition 
parameter  x.  Since  1:1  ordered  perovskites  A(B'i/2B'' 1/2)03  generally  have  a 
lower  Q  factor^^^^,  one  will  expect  a  monotonous  decrease  with  x. 
Nonetheless,  we  find  a  sharp  decrease  in  Q  with  a  small  x,  the  Q  value  at 
X  =  0.02  is  a  minimum,  and  a  higher  La  content  raises  the  Q  value.  The  Q 
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(a) 


FIGURE  4  The  dark-field  images  of  ordered  microdomains,  using  superlattice  reflections,  in 
BLZT  of  composition  x  =  (a)  0.0,  (b)  0.02,  and  (c)  0.06. 


factor  reaches  another  maximum  at  x==0.06,  and  decrease  with  La 
concentration  again.  The  initial  drop  in  Q  can  be  attributed  to  the  decrease 
in  long-range  1:2  ordering.  However  the  increase-then-decrease  in  Q 
indicates  that  other  factors  besides  the  long-range  ordering  might  be 
important  too. 
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FIGURE  5  High-resolution  electron  micrographs  of  (a),  (b)  BZT,  (c)  BLZT  (a:  =  0.02),  and 
(d)  BLZT  (;c  =  0.06),  showing  ordered  microdomains. 
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Wavenumber  (cm’') 

BLZT  ,  15000  C  2h 

FIGURE  6  Raman  spectra  of  (a)  BLZT  and  (b)  BKZT. 


SUMMARY 

Solid  solutions  of  La  and  K-substituted  BZT  are  prepared  by  calcination 
and  sintering  at  1500°C.  The  variation  in  the  local  ordering  of  BLZT 
Bai_;cLa;c(Zn(i+;c)/3Ta(2_x)/3)03  was  inspected  by  TEM,  HRTEM  and 
Raman  spectroscopy.  Its  long-range  ordering  was  investigated  by  X-ray 
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Wavenumber  (cm‘^) 
BKZT,  1500^0  2h 


FIGURE  6  (Continued). 


diffraction.  Both  the  domain  size  and  the  degree  of  long-range  order 
demonstrate  a  decrease-then-increase  behavior  with  composition.  By 
comparison,  BKZT  shows  a  monotonous  decrease  in  both  the  long-range 
ordering  and  local  ordering. 
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X  of  BLZT 


FIGURE  7  The  quality  factor  of  BLZT  versus  its  composition  parameter  x. 
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Raman  scattering  was  used  to  study  two  model  relaxor  ferroelectrics,  namely  PbMgi/3 
Nb2/303(PMN)  with  the  1:2  stoichiometric  composition  of  Mg^'^  and  Nb^^  ions  in  the  oxygen 
octahedrons  and  PbSci/2Tai/203  (PST)  with  the  1:1  stoichiometric  composition  of  Sc^"^  and 
Ta^  ions.  In  spite  of  a  different  stoichiometric  ratio  the  Raman  spectra  of  both  materials  are 
consistent  with  the  Fm3m  space  symmetry  which  implies  the  existence  of  similar  1:1  ordered 
clusters  at  least  in  nanoscale  regions.  The  spectra  show  some  anomalous  features  in  the 
temperature  range  preceding  a  ferroelectric  state,  for  example,  a  complex  structure  develops 
from  the  initially  singlet  line  in  PST  and  a  broad  central  peak  appears  in  PMN.  Those 
phenomena  are  considered  as  the  dynamics  features  in  course  of  evolution  of  the  relaxors  to  a 
ferroelectric  state.  The  preceding  phase  is  characterized  by  a  breakdown  in  the  selection  rules 
for  Raman  scattering,  so  some  points  in  the  Brillouin  zone  can  contribute  to  the  light  scattering 
spectra.  The  results  obtained  in  PST  and  PMN  were  compared  with  the  behavior  of  a  related 
relaxor  Nai/2Bii/2Ti03  (NBT)  with  a  cubic-tetragonal-rhombohedral  sequence  of  “preceding” 
phases.  The  important  similarity  was  found  in  the  behavior  of  PST  and  NBT  (double  hysteresis 
loops)  and  in  the  behavior  of  PMN  and  NBT  (acoustic  anomalies,  central  peaks).  The 
comparison  of  these  three  relaxor  ferroelectrics  gives  evidence  of  competing  interactions 
between  the  ferroelectric  phase  and  some  upper  non-polar  phase. 

Keywords:  Relaxor  ferroelectrics;  phase  transition  dynamics;  Raman  scattering 


1.  INTRODUCTION 

PbMgi/3Nb2/303  (PMN)  is  a  well-known  “classical”  material  among  relaxor 
ferroelectrics  The  dielectric  response  extends  over  a  broad  temperature 
range,  which  is  commonly  considered  as  the  region  of  the  diffuse  phase 
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transition  to  a  ferroelectric  state.  The  so-called  mean  Curie  temperature  is 
about  270  K.  A  strong  frequency  dispersion  of  the  dielectric  maximum 
position  is  one  of  the  accompanying  phenomena  characteristic  of  relaxors. 
However,  no  macroscopic  phase  transition  has  been  found  in  PMN,  at  least 
in  the  same  sense  as  it  occurs  in  the  case  of  ferroelectric  transitions  in  the 
“pure”  ABO3  perovskites.  The  structure  of  PMN  remains  cubic  down  to  5  K 
according  to  X-ray  and  neutron  diffraction  studies  although  the  profile 
analysis  of  the  diffraction  lines  shows  that  rhombohedral  distortions 
develop  upon  cooling  down  from  about  600  K  in  correlated  nanoscale 
clusters  which  increase  in  size  up  to  about  lOnm  at  low  temperatures  The 
real  macroscopic  phase  transition  of  the  first  order  to  a  rhombohedral  phase 
has  been  detected  in  PMN  at  about  200  K  only  in  an  external  electric  field 
above  the  threshold  value  of  about  1.8kV-cm“^  Therefore  the  initial 
temperature  evolution  of  PMN  to  the  ferroelectric  state  through  the  diffuse 
phase  transition  at  ~  270  K  has  been  recently  supplemented  with 
the  two  additional  specific  temperatures,  namely  7’'^200K  and  T~600K, 
i.e.,  below  and  above  the  so-called  mean  Curie  temperature 

PbSci/2Tai/203  (PST)  is  also  a  model  object  between  relaxors.  The  degree 
of  Sc^^  and  Ta^^  ordering  in  the  B  sublattice  can  be  controlled  by  a 
suitable  heat  treatment  As  a  result,  dielectric  response  changes 
from  the  relaxor  behavior  in  disordered  materials  to  the  “normal” 
ferroelectric  behavior  with  a  sharp  phase  transition  in  ordered  mate¬ 
rials  Recent  studies  show  that  some  disordered  PST  samples  exhibit 
the  spontaneous  relaxor-ferroelectric  transition.  It  means  that  the  PST 
samples  show  a  typical  relaxor  dielectric  maximum  at  the  mean  Curie 
temperature  of  about  285  K  (if  we  would  like  to  use  the  same  terminology  as 
in  the  case  of  PMN  mentioned  above)  and  an  additional  specific  value  of 
T~270K  which  corresponds  to  the  first  order  phase  transition  to  a 
ferroelectric  state. 

The  zero-field  spontaneous  relaxor-ferroelectric  transition  in  PST  and  the 
analogous  transition  in  PMN  under  the  electric  field  let  us  assume  that 
relaxors  exhibit  the  special  dynamical  evolution  to  the  ferroelectric  state. 
The  present  comparative  study  of  PST  and  PMN  by  Raman  scattering  has 
been  undertaken  to  find  some  characteristic  dynamical  features  in  light 
scattering  to  support  an  idea  about  the  common  evolution  of  relaxors  to  the 
ferroelectric  state.  The  transition  dynamics  to  the  final  ferroelectric  state  in 
relaxors  with  the  complex  perovskite-type  formula  AB'^B'i.^Os  is  far  from 
being  clear.  At  least,  it  seems  that  relaxors  do  not  exhibit  any  soft  mode  that 
used  to  be  a  distinctive  feature  of  the  phase  transition  dynamics  in  most  of 
the  classical  ABO3  perovskites.  This  view  was  emphasized  in  the  past 
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No  new  data  about  soft  modes  in  relaxors  have  appeared  since  that  review 
book  was  published  in  1977. 

One  can  note  that  such  complex  systems  as  KTaOs  with  off-center  Li  and 
Nb  ions  of  low  concentrations  have,  probably,  some  relation  to  relaxor 
ferroelectrics.  Recently  cluster  dynamics  of  such  systems  has  been 
successfully  studied  by  Raman  scattering  ho-12]  inversion 

symmetry  in  the  disordered  polar  clusters  activates  the  vibrational  modes  of 
odd  parity  to  appear  in  the  Raman  scattering  spectra.  However,  the  origin 
and  behavior  of  the  transverse  optic  modes  (soft  TOi  mode  and  hard  TO2 
and  TO4  modes)  have  rather  more  close  relation  to  the  “host”  classical 
perovskites  KTa03  and  KNb03  than  to  relaxor  ferroelectrics  with  two 
different  B'  and  B"  ions.  Neither  AB'03  nor  AB"03  “host”  compounds 
could  be  synthesized  in  this  case. 


2.  EXPERIMENTAL 

The  PMN  and  PST  single  crystals  were  grown  by  spontaneous  crystal¬ 
lization  from  a  flux.  The  samples  were  prepared  in  the  form  of  a  rectangular 
parallelepiped  with  edges  along  the  fourfold  cubic  axes.  The  samples 
measured  about  5x4x2mm^  and  3x2x1  mm^  respectively.  The  X{ZZ)Y 
and  X(ZX)  Y  Raman  spectra  were  measured  in  the  present  study,  with  X,  Y 
and  Z  being  along  the  fourfold  cubic  axes.  The  spectra  at  room  temperature 
are  shown  for  PST  and  PMN  in  Figure  1  in  pairs  for  each  polarization. 
Fragments  of  the  X{ZZ)Y  Raman  spectra  of  PST  at  higher  temperatures 
are  given  in  Figures  2  and  3. 

Raman  spectra  were  excited  with  an  argon  ion  laser  for  PMN  and  with  a 
krypton  ion  laser  for  PST  and  were  analyzed  with  a  Cary-82  triple 
spectrometer.  The  instrument  was  equipped  with  an  Oxford  Instruments 
optical  cryostat  with  a  cold  stage  for  low-temperature  measurements  and 
with  a  small  furnace  for  high  temperatures.  A  temperature  controller 
stabilized  the  temperature  in  every  scanning  run  to  within  ±0.5K. 

Both  Stokes  and  anti-Stokes  parts  of  the  Raman  spectra  of  PMN  were 
studied.  A  central  part  of  the  spectrum  in  the  limit  of  ±5cm~^  was 
supposed  to  consist  of  a  stray  light  from  the  elastic  scattering  and  therefore 
it  was  eliminated  from  our  consideration  in  all  of  the  experimental  spectra. 
In  order  to  reveal  a  broad  central  peak,  we  used  the  following  procedure. 
First  of  all,  a  spectrum  at  77  K,  which  is  at  a  temperature  far  below  the 
known  anomalies  without  any  visible  trace  of  the  central  peak,  was  taken  as 
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FIGURE  1  Comparison  of  the  Raman  spectra  of  PST  and  PMN  which  are  obtained  in  two 
polarizations,  (ZY)  and  (ZZ),  at  room  temperature. 


an  initial  cross-section  of  light  scattering  from  PMN,  So(iy,  77).  Then,  all 
necessary  spectra  at  higher  temperatures  were  reconstructed  from  the  initial 
spectrum  at  77  K  by  using  a  normal  expected  temperature  dependence  for 
the  first  order  spectra  S(iy,  T)  ^  Sq{v,  77)  [n+l],  where  the  population  factor 
is  given  by  «  =  [exp  (/zz//kT)-l]“^  The  calculated  spectra  were  subtracted 
from  corresponding  experimental  spectra.  Some  additional  light  scattering 
at  the  lowest  frequencies  appeared  as  wings  on  the  Rayleigh  line  in  a  wide 
temperature  interval.  Those  results  are  shown  in  Figure  4.  It  is  clearly  seen 
that  the  curves  obtained  by  the  procedure  described  above  form  broad 
central  peaks.  The  upper  parts  of  peaks  in  the  eliminated  range  ±5cm~^ 
were  obtained  by  fitting  to  a  Lorentzian  line  shape. 
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FIGURE  2  Appearance  of  an  additional  structure  around  the  Aig  hard  mode  in  PST  on 
approaching  the  transition  to  a  ferroelectric  state  from  above.  The  arrows  show  the  pronounced 
structure  near  the  low-temperature  boundary  of  the  preceding  phase  (r=  358  K)  and  the  first 
emergence  of  the  structure  near  the  high-temperature  limit  of  the  preceding  phase  (rM  =  418  K) 
in  a  rather  ordered  sample  of  PST. 


3.  RESULTS  AND  DISCUSSION 

Main  Features  of  the  Raman  Spectra  in  PST  and  PMN 

Materials  crystallizing  in  an  ideal  cubic  perovskite  structure,  ABO3,  with  the 
Pm3in  space  symmetry  do  not  show  any  Raman-acitve  modes  in  the  first 
order  scattering  From  this  point  of  view,  the  appearance  of  some  intense 
lines  in  the  Raman  scattering  from  PMN  was  an  unexpected  result.  The 
Raman  spectra  of  PMN  were  explained  by  the  loss  of  both  translational  and 
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FIGURE  3  The  Aig  mode  in  PST  at  some  high  temperature  remains  in  a  singlet  shape,  it  is 
shown  for  r=455K  (Fig.  2)  and  r=557K.  However,  this  mode  exhibits  an  additional 
structure  at  higher  temperatures  again  (r=751  K)  in  the  vicinity  of  a  phase  transformation  to 
the  Pm3m  “parent”  phase  where  this  mode  disappears 


FIGURE  4  Stokes  and  anti-Stokes  parts  of  the  low-frequency  Raman  spectrum  in  PMN  show 
the  appearance  of  a  broad  central  peak  in  some  preceding  phase  above  the  frustrated 
ferroelectric  transition  at  r~200K  A  narrow  central  component  occurs  at  r~200K  and  a 
broader  and  more  intense  component  appears  in  a  wide  range  around  7’'^280K. 
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inverse  symmetries  due  to  disordering  in  the  B  sublattice  The  selection 
rules  for  Raman  scattering  are  not  obeyed  in  such  disordered  systems  like 
PMN,  therefore  a  contribution  to  light  scattering  becomes  possible  from 
some  points  in  the  Brillouin  zone  as  well  as  from  infrared-active  and  silent 
modes.  This  point  of  view  has  been  used  for  a  long  time  It  seems  that 
Raman  scattering  was  a  tool  to  confirm  the  predominant  role  of  disorder  in 
PMN. 

However,  the  AB\/2B^i/2^3  ordered  complex  compounds  belong  to  the 
Fm3m  space  symmetry  which  allows  the  appearance  of  four  Raman- 
active  modes  Aig  +  Eg  +  2F2g.  Extensive  studies  of  Raman  scattering  in 
PST  confirmed  this  new  point  of  view.  Summing  up  all  published 

results  one  can  conclude  that  there  is  in  general  agreement  among 

various  groups  based  on  the  Raman  spectra  of  the  ordered  PST  which  are 
found  to  be  well  consistent  with  the  Fm3m  symmetry  with  a  doubled 
perovskite  unit  cell.  The  F2g(2)  mode  in  the  range  of  about  360  cm" ^  is  even 
considered  as  a  probe  of  the  B-site  ordering  in  PST.  The  ceramic 

samples  of  PST  did  not  give  the  information  about  the  mode  polariza¬ 
tion^^’  The  polarized  spectra  of  the  PST  single  crystals  revealed 
two  F2g  modes  in  the  off-diagonal  X{ZX)  Y  spectrum  and  the  Aig  mode  in 
the  diagonal  X{ZZ)Y  spectrum  as  it  is  shown  in  Figure  1.  The  Aig  mode 
appears  to  be  the  highest  frequency  mode  in  PST.  The  assignment  of  the  Eg 
mode  which  has  a  low  intensity  is  not  quite  clear  yet.  The  opinion  about  the 
nature  of  Raman  spectra  in  the  disordered  PST  is  not  so  clear.  It  is  assumed 
in  most  of  the  published  papers  that  there  exist  at  least  nanoscale  regions  with 
the  B-site  order  and  which  are  enough  to  provide  the  spectra  consistent  with 
the  Fm3m  symmetry.  One  paper  considers  the  Pm3m  space  group  with  a 
simple  perovskite  unit  cell  (z=  1)  as  an  upper  initial  phase  in  the  chain  of  the 
symmetry  reduction  to  a  ferroelectric  state  in  the  disordered  PST.  The 
existence  of  microscopic  regions,  rich  in  Sc  or  Ta,  leads  to  breaking  the 
translational  symmetry.  This  gives  rise  to  Raman  activity 

Soft  modes  have  neither  been  found  in  PST  nor  in  PMN  The  origin  of 
hard  modes  in  the  Raman  spectra  in  PMN  has  been  still  under  discus- 
sionb6>  17,  20-23]  Diflerent  points  of  view  have  been  put  forward  in  the 
literature.  The  first  idea  was  that  a  loss  of  the  translational  symmetry  due  to 
disorder  in  the  B  sublattice  was  responsible  for  the  appearance  of  some 
modes  from  the  Brillouin  zone  in  Raman  scattering  The  next  idea  is 

guided  by  the  existence  of  nanoscale  regions  with  1:1  order  of  the  B  ions. 
This  structure  leads  to  the  appearance  of  Raman  spectra,  which  are 
consistent  with  the  Fm3m  space  symmetry  Another  idea  correlates 

the  Raman  spectra  of  PMN  with  the  1 :2  order  of  the  B  ions  which  gives  the 
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P3ml  space  group  The  recent  studies  of  the  high  resolution  electron 
microscopy  images  of  PMN  show  that  ordered  regions  of  the  {111}  type 
exist  which  correspond  to  compounds,  as  in  the  case  of  PST. 

The  1:1  ordered  regions  in  PMN  consist  of  clusters  of  about  2nm  in 
diameter  regularly  spread  inside  the  crystal.  The  distance  between  the 
centers  of  neighboring  clusters  is  about  2.5  nm  This  result  supports  the 
assignment  of  the  main  modes  in  the  Raman  spectra  of  PMN  to  the  Fm3m 
symmetry  (Fig.  1).  Similarity  between  the  Raman  spectra  of  PST  and  PMN, 
as  clearly  seen  in  Figure  1,  confirms  an  important  common  characteristic 
feature  of  relaxors  that  there  exist  nanoscale  clusters  with  the  1:1  B-site 
order,  irrelevant  to  whether  a  stoichiometric  composition  for  the  B  ions  is 
1:1  or  1:2.  Thus,  the  main  contribution  to  the  Raman  spectra  of  PMN  (Fig. 
1)  originates  from  the  modes  of  even  parity.  As  one  can  see  (Fig.  1),  there 
are  some  other  modes  of  lower  intensity  in  both  the  X{ZX)  Y  and  X(ZZ )  Y 
spectra  besides  the  modes  considered  above.  The  origin  of  those  modes  is 
not  quite  clear  yet.  Probably,  the  loss  of  inversion  symmetry  in  the 
disordered  regions  leads  to  the  appearance  of  the  infra-red  active  modes  of 
odd  parity  in  the  Raman  spectra  as  it  has  been  found  in  other  mixed  systems 
like  KTai_^Nb;c03  However,  the  contribution  of  the  polar  modes 

to  the  Raman  spectra  is  small  in  comparison  with  the  allowed  Raman  active 
modes  consistent  with  the  Fm3m  symmetry  in  the  ordered  regions.  Thus,  the 
recent  Raman  scattering  studies  may  be  considered  as  an  additional  method 
to  confirm  the  predominant  role  of  the  order  in  PMN  and  other  relaxors,  at 
least  in  the  nanoregions.  We  assume  that  the  nanoscale  arrangement 
prevents  the  development  of  “normal”  long-range  ferroelectric  correlations. 
One  can  thus  expect  a  special  transition  dynamics  under  unfavorable 
conditions  of  the  frustrated  transitions. 

Additional  Anomalous  Structure  of  the  Aig 
Mode  in  the  Raman  Spectrum  of  PST 

The  Aig  mode  is  well  distant  from  other  vibrations  and  is  clearly  seen  in  the 
diagonal  Raman  spectra  of  both  PST  and  PMN  (Fig.  1).  Mode  analysis  of 
the  normal  vibrations  in  the  AB'^^2®^i/2^3  structure  with  the  Fm3m 
symmetry  shows  that  the  Aig  mode  is  a  simple  motion  of  the  oxygen  atoms 
like  the  breath-type  mode  of  a  free  oxygen  octahedron.  Neither  A  nor  B'  or 
B"  cations  are  involved  in  the  Aig  vibration.  However,  these  cations  affect 
the  stretching  frequencies  corresponing  to  the  Aig  mode  if  the  radius  of 
cations  changes.  All  oxygen  distances  (A-0,  B'-O  and  B"-0)  are  important. 
Instead  of  these  three  parameters,  the  tolerance  factor  was  used  to  show 
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an  interesting  correlation  between  the  Aig  mode  frequency  and  decrease  in 
the  A  cation  radius.  An  isotypical  series  of  the  AB\/2B^i/2^3  compounds 
was  considered  with  Ba— >Pb^Sr-^Ca  sequence  of  the  A  cations.  This  result 
shows  that  the  Ajg  mode  may  reflect  clearly  the  effect  of  subtle  changes  in 
the  perovskite  structure.  This  is  the  reason  why  we  decided  to  follow  the 
temperature  behavior  of  the  Aig  mode  in  PST.  This  mode  should  remain  a 
singlet  irrespective  of  any  phase  transition.  At  high  temperatures,  far  above 
the  transition  region,  the  Aig  mode  has  the  shape  of  a  singlet  line  (Fig.  2). 
An  obvious  structure  of  the  initially  singlet  line  appears  when  temperature  is 
lowered  down  to  the  vicinity  of  the  ferroelectric  phase  transition  (Fig.  2).  No 
evidence  of  a  change  in  the  crystal  structure  of  PST  above  the  ferroelectric 
transition  has  been  published.  The  structure  around  the  Aig  mode  is  more 
pronounced  in  the  samples  with  a  higher  degree  of  disorder  on  the  B  sites 
without  any  macroscopic  ferroelectric  transition.  Thus,  the  additional 
structure  appears  in  the  PST  even  if  the  ferroelectric  transition  is  frustrated 
as  in  PMN.  Also  these  samples  exhibit  a  more  extended  temperature  range 
with  the  structural  Aig  line.  Figure  2  shows  the  behavior  of  the  Aig  mode  in 
a  sample  with  the  highest  degree  of  order  among  the  materials  studied  in  the 
present  work.  We  assume  that  our  sample  with  the  highest  degree  of  order  is 
close  to  that  in  the  sample  which  shows  the  spontaneous  relaxor- 
ferroelectric  transition  The  Aig  line  takes  a  singlet  shape  again  in  the 
ferroelectric  phase  in  our  sample.  One  can  suppose  that  the  complex 
structure  of  the  Aig  mode  is  connected  with  a  breakdown  in  the  wave- vector 
selection  rules,  so  some  symmetry  points  along  the  Aig  optical  branches  in 
the  Brillouin  zone  contribute  to  the  Raman  scattering  around  the  initial 
singlet  line  in  the  zone  center. 

The  present  study  shows  that  some  temperature  range  with  the  structural 
Aig  mode  precedes  the  ferroelectric  phase  in  several  samples  of  PST  with  the 
different  degree  of  order.  Besides,  there  is  a  noraml  range  from  about  450  K 
up  800  K  in  the  ordered  samples  where  the  Aig  mode  remains  in  a  singlet 
shape  and  its  intensity  increases  in  accordance  with  that  for  the  first-order 
Raman  scattering  At  temperatures  above  the  “singlet”  range  the  Aig 
line  exhibits  some  broadening  and  the  appearance  of  the  complex  structure 
(Fig.  3).  This  anomaly  occurs  in  the  temperature  range  of  a  phase  transition 
from  the  Fm3m  paraelectric  phase  to  the  Pm3m  high-temperature  “parent” 
phase.  All  of  the  Raman-active  modes,  Aig  +  Eg  +  2F2g,  disappear  in  the 
cubic  perovskite  phase  According  to  the  group  theoretical  prediction 
the  phase  transition  from  Pm3m  to  Fm3m  is  initiated  by  a  breath-type  mode 
at  the  R  point  of  the  Brillouin  zone.  This  mode  represents  anti-phase 
vibrations  of  the  adjacent  oxygen  octahedrons  along  the  [111]  direction. 
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This  situation  provides  a  linear  coupling  between  the  Aig  optical  phonon 
branch  and  the  order  parameter  fluctuations.  As  a  result,  the  structure  of  the 
Aig  modes  appears  in  the  vicinity  of  the  phase  transition.  The  structural  Aig 
mode  reflects  the  fluctuation  contribution  from  the  R  point  of  the  cubic 
Brillouin  zone. 

Central  Peak  in  Light  Scattering  from  PMN 

The  diagonal  polarizability  components  of  the  Raman  spectra  in  PMN 
were  studied  in  a  wide  temperature  range  with  a  special  attention  to  the 
low-frequency  part  below  about  100cm“^  There  is  a  low  frequency 
(z/'-^50cm“^)  hard-lattice  mode  in  this  region  (Fig.  1).  Only  this  mode  is 
seen  in  the  Raman  spectrum  at  77  K.  The  most  surprising  feature  of  PMN  is 
the  appearance  of  some  additional  light  scattering  at  the  lowest  frequencies, 
appearing  as  wings  on  the  Rayleigh  line  at  higher  temperatures.  This  effect  is 
clearly  seen  in  Figure  1  which  represents  the  spectrum  at  room  temperature. 
The  F2g  mode  in  the  off-diagonal  spectrum  is  more  intense  than  the  mode  at 
i/~50cm“^  in  the  diagonal  spectrum,  however,  the  approach  to  the  laser 
line  in  the  first  case  is  significantly  better. 

The  low-frequency  diagonal  Raman  spectra  in  a  wide  temperature  range 
were  well  fitted  with  two  Lorentzian  peaks,  one  centered  at  zero-frequency 
shift  (the  central  peak)  and  the  other  at  z/'~50cm~^  (the  hard  mode 
mentioned  above).  It  was  enough  to  use  only  the  second  Lorentzian  to  fit  the 
low-frequency  spectrum  at  77  K.  The  part  of  the  scattering  spectra  fitted  by 
the  first  Lorentzian  was  separated  to  illustrate  the  temperature  evolution  of 
the  centeral  peak  in  PMN.  The  results  obtained  at  several  temperatures  are 
shown  in  Figure  4.  The  eliminated  region  of  ±5  cm  ^  with  an  intense  stray 
light  should  not  be  significant  for  those  broad  central  components  shown  in 
Figure  4.  The  upper  parts  of  the  central  peaks  in  the  range  of  ±  5  cm“^  from 
zero  frequency  were  restored  in  Figure  4  after  the  best  fitting  with  the 
Lorentzians  in  the  whole  range  of  frequencies.  After  that  procedure,  one  can 
correctly  analyze  the  behavior  of  both  the  intensity  and  the  width  of  the 
central  peak. 

Our  analysis  shows  two  important  temperature  regions  in  the  evolution  of 
the  central  peak.  The  “main”  central  peak  exhibits  the  maximum  intensity 
and  the  minimum  width  around  280  K  (Fig.  4).  The  broad  central  peak  is 
best  described  as  a  Debye  relaxation,  S(iy)  ~  (1  +  V),  with  the  inverse 

relaxation  time  (l/r)  proportional  to  the  width  at  half  maximum  of  the 
corresponding  Lorentzian.  The  temperature  dependence  of  the  relaxation 
times  is  shown  in  the  upper  part  of  Figure  5.  This  Figure  also  shows  the 
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FIGURE  5  Thermal  dependence  of  some  characteristics  of  PMN:  the  relaxation  times  related 
to  the  central  peak  vs.  T  (the  upper  part);  the  hypersonic  damping  vs.  T  (in  the  middle  and 
the  dielectric  response  at  100  kHz  vs.  T  (in  the  bottom) 

temperature  dependence  of  the  hypersonic  damping  and  the  broad  dielectric 
maximum  in  PMN  taken  from  The  most  intense  peak  as  well  as  the 
heaviest  damping  are  observed  slightly  above  the  main  broad  anomaly  in  the 
dielectric  response  near  room  temperature.  The  central  peak  broadens  and 
disappears  when  the  temperature  increases  to  about  600  K  or  decreases 
down  to  100  K.  However,  there  is  an  additional  limited  anomalous  region 
around  200  K  where  the  central  peak  narrows  and  grows  up  before  it 
disappears.  It  seems  that  the  behavior  of  the  central  peak  in  a  wide 
temperature  interval  correlates  with  a  typical  broad  dielectric  response  of 
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relaxors  and  the  narrow  anomaly  around  200  K  correlates  with  a  sharp 
dielectric  response  of  PMN  in  the  presence  of  external  electric  field  (and 
Refs,  therein).  The  narrow  anomaly  in  the  behavior  of  the  broad  central 
peak  is  mostly  pronounced  in  the  thermal  dependence  of  relaxation  times 
(Fig.  5).  Considering  this  sharp  anomaly  around  200  K,  it  is  very  important 
to  emphasize  the  correlation  between  the  slow-down  in  the  relaxation  times 
obtained  from  Raman  scattering  and  increase  in  the  hypersonic  damping 
obtained  from  Brillouin  scattering  which  is  shown  in  the  middle  in 
Figure  5. 

We  suppose  that  in  spite  of  macroscopically  frustrated  ferroelectric 
transition  at  about  200  K  (without  the  external  electric  field)  the  polarization 
fluctuations  manifest  themselves  in  light  scattering  from  PMN,  giving  rise  to 
the  central  peak  in  light  scattering,  to  the  sharp  peak  in  hypersonic  damping 
and,  probably,  to  some  other  anomalies.  No  sign  of  a  dielectric  anomaly 
(Fig.  5)  has  been  observed  without  the  external  electric  field.  Our  results 
show  that  light  scattering  is  very  sensitive  to  a  change  in  the  inner  structure 
of  the  pseudo-cubic  arrangement  of  PMN. 

Considering  the  main  stretched  anomaly  in  the  relaxation  times,  related  to 
the  central  peak,  one  should  remember  that  the  rhombohedral  distortions 
are  developed  in  the  cubic  PMN  starting  with  cooling  down  the  sample  from 
600  K.  This  is  the  temperature  where  the  broad  central  peak  appears  (Figs.  4 
and  5)  as  well  as  some  deviations  from  the  “normal”  behavior  appear  in  the 
hypersonic  velocity  and  damping  in  the  index  of  refraction  and  in 
other  properties.  It  seems  that  these  rhombohedral  distortions  have  no 
direct  relation  to  the  ferroelectric  properties  because  they  develop  at 
temperatures  far  from  the  frustrated  ferroelectric  transition.  One  should 
remind  that  the  field-free  thermal  depoling  of  the  field-induced  polarization 
takes  place  sharply  at  r=213K  (upon  zero-field-heating-after-field-cool- 
ing)^^l  Probably,  the  rhombohedral  distortions  are  connected  with  a 
ferroelastic  transition.  However,  the  long-range  ferroelastic  correlations 
cannot  develop  in  the  disordered  structure  of  PMN  in  order  to  accomplish  a 
ferroelastic  phase  transition.  Thus,  there  is  the  frustrated  ferroelastic 
transition  in  PMN  at  high  temperatures.  We  will  now  show  that  the 
possibility  of  a  similar  ferroelastic  transition  has  been  assumed  for  PST  to 
explain  the  appearance  of  specific  double  hysteresis  loops  in  some 
temperature  range  and  the  development  of  the  Raman  spectra  in  the 
ordered  samples  We  shall  also  discuss  a  close  analogy  in  the  behavior 

of  PMN  and  PST  along  with  the  properties  of  another  relaxor  ferroelectric, 
Nai/2Bii/2Ti03  (NBT),  which  shows  double  hysteresis  loops  as  well  as 
a  high  temperature  preeeding  ferroelastic  transition 
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The  ferroelectric  transition  in  PMN  at  lower  temperatures  is  also 
frustrated  because  the  long-range  ferroelectric  correlations  cannot  over¬ 
come  the  disorder  in  the  microstructure  without  the  external  electric  field. 
The  situation  seems  to  be  analogous  to  that  in  mixed  Rbi_;c(ND4);cD2P04 
(DRADP)  with  x  around  0.5  where  X-ray  and  elastic  neutron  scattering 
could  observe  a  growth  of  short-range  correlations  These  are  neither  the 
ferroelectric  correlations  inducing  a  transition  at  the  center  of  the  Brillouin 
zone  (r  point)  nor  the  antiferroelectric  correlations  connected  with  a 
transition  at  the  zone  boundary  (Z  point).  The  new  broad  incommensurate 
peaks  were  found  at  the  wave  vectors  on  the  S  direction  connecting  the  T 
point  to  the  Z  point.  We  assume  that  PMN  exhibits  competing  correlations 
in  some  temperature  range.  The  central  peak  in  light  scattering  summarizes 
the  contributions  from  different  points  in  the  Brillouin  zone.  Then,  as  in  the 
case  of  PST  above,  there  is  a  special  preceding  phase  in  PMN  where  a  break 
down  in  the  wave-vector  selection  rules  occurs  in  course  of  a  dynamic 
process.  Before  making  some  conclusions,  let’s  consider  shortly  one  more 
example  of  a  relaxor  which  exhibits  more  pronounced  system  of  the 
preceding  phases. 


Critical  Behavior  of  NBT  in  the  Intertransition  Region 

Most  relaxor  ferroelectrics  have  pairs  of  different  B  cations,  but 
Nai/2Bii/2Ti03  (NBT)  has  unlike  valence  Na"^  and  Bi^'*’  cations  in  A 
positions.  At  room  temperature  NBT  is  ferroelectric  with  a  rhombohedral 
structure  which  is  the  result  of  a  phase  transformation  sequence  34-36] 
which  proceeds,  unlike  PMN,  from  cubic  to  tetragonal  at  then  to 
rhombohedral  at  Tc2,  finally  the  spontaneous  polarization  appears  at  Tc3 
below  which  the  material  is  in  the  ferroelectric  phase.  This  cubic-tetragonal- 
rhombohedral  sequence  has  been  confirmed  by  neutron  diffraction  and 
X-ray  measurements  However,  the  recent  study  of  NBT  by  X-ray 
diffraction  shows  that  deviations  from  the  cubic  structure  are  very  small 
and  depend  on  the  quality  of  the  crystals.  The  degree  of  long-  range  ordering 
of  Na  and  Bi  cations  is  very  low.  One  can  assume  that  the  development  of 
the  ferroelectric  or  ferroelastic  correlations  is  restrained  by  random 
compositions. 

A  formal  resemblance  between  the  acoustic  anomalies  in  NBT  and  PMN 
is  obvious.  NBT  also  exhibits  both  a  broad  dip  in  hypersonic  velocity  and  a 
broad  maximum  of  damping  An  additional  sharp  peak  in  damping  was 
found  at  The  broad  anomalies  seem  to  have  no  simple  connection 

with  the  structural  transtions  at  7^  and  Tci-  A  simple  superposition  of  two 
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anomalies  at  and  Tc2  does  not  explain  the  experimental  results. 
The  hypersonic  anomalies  are  centered  in  the  intertransition  region  and 
extend  beyond  both  of  the  transitions.  This  fact  implies  the  existence  of 
competing  interactions  between  the  two  transitions  separated  by  some 
temperature  interval  The  anomaly  is  extended  due  to  a  large  variety  of 
the  random  correlations  occurring  somewhere  in  the  Brillouin  zone. 

The  preliminary  results  showed  a  broad  central  component  in  light 
scattering  from  NBT  as  well  The  main  response  occurs  between  the  two 
phase  transitions  and  correlates  with  the  acoustic  anomalies  in  this  respect. 
Let  us  consider  the  temperature  behavior  of  the  background  from  the 
Brillouin  spectra  of  NBT  The  background  originated  from  the  central 
part  of  the  lowest-frequency  scattering  which  only  transmitted  throughout  a 
narrow-band  (1A°)  interference  filter  used  in  the  experiments  to  eliminate 
Raman  scattering  at  higher  frequencies.  The  temperature  behavior  of  the 
background  (Fig.  6)  reveals  changes  in  the  central  peak  amplitude.  Figure  6 
shows  a  drastic  increase  in  the  background  or,  correspondingly,  in  the 
intensity  of  the  central  peak.  It  peaks  in  the  intertransition  region  between 
Tc2  and  r^i.  There  is  a  jump  in  intensity  at  Tc2  and,  probably,  some  non¬ 
linear  changes  in  the  vicinity  of  Td.  The  neutron-scattering  data  indicate 
that  the  phase  transitions  at  and  7*^2  are  initiated  by  some  irreducible 
representations  at  M  and  R  points  of  the  Brillouin  zone  corresponding  to 
the  cubic  phase  Therefore  the  intense  anomalous  light  scattering  from 
NBT,  at  the  lowest  frequencies  in  the  range  between  these  two  phase 


FIGURE  6  Thermal  dependence  of  the  intensity  of  the  background  in  the  Brillouin  spectra  of 
NBT  The  temperatures  of  transitions  in  the  ^  7^2  ->  sequence  are  given  at  the  top. 
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transitions,  produces  enough  evidence  that  the  wave-vector  selection  rules 
appear  to  be  broken  down  and  the  excitations  from  the  M  and  R  points  as 
well  as,  probably,  from  other  points  along  the  direction  connecting  these 
points,  may  contribute  to  the  light  scattering.  This  situation  seems  to  be 
similar  to  that  in  KCaFs  where  central  peaks  have  been  found  by  neutron 
scattering  along  the  R-M  line  of  the  cubic  Brillouin  zone  Probably,  one 
can  expect  the  development  of  the  short-range  incommensurate  correlations 
previously  observed  in  DRADP^^^l 

Thus,  one  can  find  an  important  similarity  between  NBT  and  PMN.  Far 
above  the  temperatures  where  the  remnant  polarization  disappears 
(r~450-f480K  and  r~213Kf^\  respectively),  there  is  a  broad 

“preceding”  phase  in  both  materials.  This  phase  manifests  itself  by  a  broad 
central  peak  in  the  light  scattering  and,  as  seen  undoubtedly  with  the 
example  of  NBT,  by  a  breakdown  in  the  wave-vector  selection  rules. 


The  Relation  to  a  Model  with  Competing  Interactions 

There  is  an  important  similarity  between  NBT  and  PST  as  well.  Both 
materials  show  double  hysteresis  loops  in  some  temperature  interval 

preceding  the  macroscopic  ferroelectric  state.  The  real  antiferroelectric  state 
has  neither  been  found  in  NBT  nor  in  PST  The  double  hysteresis  loops 
appear  in  a  simple  model  with  the  two  coupled  structural  and  ferroelectric 
order  parameters  The  similar  model  was  proposed  to  interpret  the 
preceding  behavior  of  PST  including  double  hysteresis  loops  whereas  the 
macroscopic  ferroelectric  state  in  PST  was  characterized  by  the  normal 
hysteresis  loops  at  lower  temperature.  There  is  one  problem  in  the  case  of 
PST  that  only  the  indirect  evidences  may  support  the  existence  of  an 
additional  structural  phase  transition  at  higher  temperatures.  In  the  case  of 
NBT  there  is  undoubtedly  the  ferroelastic  structural  transition  at  The 
critical  acoustic  behavior  of  NBT  with  the  main  anomalies  in  the  inter¬ 
transition  region  gives  evidence  in  support  of  an  interaction  between  the 
two  phases. 

In  the  case  of  PMN,  one  should  emphasize  the  similar  character  of  the 
main  anomalies  in  both  the  hypersonic  velocity  and  the  damping.  Probably, 
the  rhombohedral  distortions  developing  upon  cooling  down  from  600  K 
are  not  polar  at  least  at  high  temperatures.  These  distortions  imply  the 
following  symmetry  reduction,  Fm3m  ^  R3m  (ferroelastic)  ^  R3m  (ferro¬ 
electric),  through  the  region  of  competing  interactions.  One  should  note  that 
this  symmetry  reduction  scheme  was  proposed  for  PST  as  well 
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4.  CONCLUSIONS 

Raman  scattering  has  been  investigated  in  two  model  relaxor  ferroelectrics, 
namely  PbSci/2Tai/203  (PST)  and  PbMgi/3Nb2/303  (PMN).  The  following 
new  features  of  the  dynamic  evolution  to  ferroelectric  phases  in  these 
materials  were  found. 

The  singlet  Aig  mode  in  the  Raman  spectra  of  PST  shows  a  complex 
structure  in  some  temperature  interval  preceding  the  ferroelectric  phase.  The 
structure  is  connected  with  the  contribution  from  some  points  in  the 
Brillouin  zone.  This  effect  becomes  possible  because  the  preceding  phase  is 
characterized  by  a  breakdown  in  the  wave-vector  selection  rules. 

The  broad  central  peak  appears  in  the  low-frequency  Raman  spectra  of 
PMN.  A  sharp  anomaly  in  the  behavior  of  the  central  peak  (increase  in  the 
amplitude,  slow  down  in  the  relaxation  times)  is  found  at  about  200  K,  just 
in  the  range  of  ferroelectric  transition.  The  terminology  for  such 

phenomenon  in  relaxor  ferroelectrics  has  not  been  settled  yet.  The  real 
transition  occurs  only  in  an  external  electric  field  above  the  threshold  value 
of  1.8  kV  ■  cm”^  It  is  considered  as  the  induced  phase  transition  In  the 
absence  of  an  external  field  one  can  say  about  the  extremely  smeared 
transition  in  PMN  One  more  version  suggests  to  consider  PMN  as  the 
relaxor  ferroelectric  with  an  incipient  ferroelectric  order  Thus,  the  main 
central  peak  is  found  in  some  preceding  phase.  This  inelastic  scattering 
connected  with  the  development  of  mostly  short-range  correlations  in  the 
ordered  nanoregions  of  PMN  whereas  the  long-range  correlations  are 
prevented  from  spreading  by  the  considerable  random  disorder  in  the  Mg 
and  Nb  distribution  in  the  rest  of  the  material  which  is  surrounding  the 
ordered  clusters.  One  can  assume  the  competing  interactions  in  the 
preceding  phase  between  the  ferroelectric  correlations  and  some  other 
structural  correlations.  The  short-range  incommensurate  correlations  are 
expected  to  grow  as  in  other  disordered  systems  with  competing  interac¬ 
tions,  e.g.,  in  RADP  family 

Comparison  of  the  anomalies  observed  in  PST  and  PMN  with  the 
behavior  of  a  related  relaxor  ferroelectric,  Nai/2Bii/2Ti03  (NBT),  was  very 
fruitful.  The  cubic- tetragonal-rhombohedral  transition  sequence,  proved  by 
different  methods,  distinguishes  NBT  from  other  relaxor  ferroelectrics.  NBT 
exhibits  a  preceding  phase  with  double  hysteresis  loops  like  that  in  PST  and 
the  acoustic  anomalies  similar  to  those  in  PMN  to  some  extent.  Both  PMN 
and  NBT  show  broad  central  peaks  in  the  light  scattering  studies  with 
the  highest  intensity  in  the  preceding  phase.  Our  studies  showed  preliminary 


TRANSITION  DYNAMICS  IN  RELAXOR 


323 


existence  of  a  central  peak  in  PST  as  well  as  some  traces  of  an  additional 
structure  around  the  Aig  mode  in  PMN. 

The  comparison  of  all  three  materials  produces  enough  evidence  for 
competing  interactions  in  the  preceding  phase.  The  selection  rules  for 
Raman  scattering  appear  to  be  broken  down  in  this  preceding  phase, 
therefore  some  information  from  the  Brillouin  zone  appears  in  the  spectra, 
for  example,  a  critical  contribution  to  the  broad  central  peaks  in  PMN  and 
NBT  as  well  as  to  the  initial  singlet  Aig  mode  in  PST.  The  existence  of  the 
special  preceding  phase  is  considered  as  a  distinctive  characteristic  of  the 
transition  dynamics  in  relaxor  ferroelectrics  with  ordered  nanoscale  clusters. 


A  cknowledgements 

We  would  like  to  express  our  warm  thanks  to  the  co-authors  V.  H.  Schmidt, 
S.  G.  Lushnikov,  C.-S.  Tu,  E.  A.  Rogacheva,  E.  Husson  and  R.  Laiho  for 
helpful  discussions  during  the  early  stages  of  our  common  work  on  this 
topic.  Special  thanks  are  due  to  A,  P.  Levanyuk  for  clarifying  comments. 
This  work  was  supported  in  part  by  NASA-NCCW-0088,  DE-FG02- 
94ER75764,  and  NSF-OSR-9452893  Grants  and  RFBR  Grant  No.  96-02- 
17859. 


References 

[1]  Smolensky,  G.  A.  (1970).  J.  Phys.  Soc.  Japan,  Suppl.,  28,  26. 

[2]  Lines,  M.  E.  and  Glass,  A.  M.  (1977).  “Principles  and  Applications  of  Ferroelectrics  and 
Related  Materials”,  Clarendon  Press,  Oxford. 

[3]  Cross,  L.  E.  (1987).  Ferroelectrics,  76,  241. 

[4]  De  Mathan,  N.,  Husson,  E.,  Calvarin,  G.,  Gavarri,  J.  R.,  Hewat,  A.  W.  and  Morell,  A. 
(1991).  J.  Phys.:  Condens.  Matter,  3,  8159. 

[5]  Ye,  Z.-G.  and  Schmid,  H.  (1993).  Ferroelectrics,  145,  83. 

[6]  Setter,  N.  and  Cross,  L.  E.  (1980).  J.  Mat.  ScL,  15,  2478;  J.  Appl  Phys.,  51,  4356  (1980). 

[7]  Stenger,  C.  G.  F.  and  Burggraaf,  A.  J.  (1980).  Phys.  Stat.  Sol.  (a),  61,  275(1),  653(11). 

[8]  Wang,  H.-C.  and  Schulze,  W.  A.  (1990).  J.  Am.  Ceram.  Soc.,  73,  1228. 

[9]  Chu,  F.,  Setter,  N.  and  Tagantsev,  A.  K.  (1993).  J.  Appl.  Phys.,  74,  5129. 

[10]  Toulouse,  J.,  DiAntonio,  P.,  Vugmeister,  B.  E.,  Wang,  X.  M.  and  Knauss,  L.  A.  (1992). 
Phys.  Rev.  Lett.,  68,  232. 

[11]  DiAntonio,  P.,  Vugmeister,  B.  E.,  Toulouse,  J.  and  Boatner,  L.  A.  (1993).  Phys.  Rev.  B, 
47,  5629. 

[12]  Vugmeister,  B.  E.,  DiAntonio,  P.  and  Toulouse,  J.  (1995).  Phys.  Rev.  Lett.,  75,  1646. 

[13]  Galasso,  F.  S.  (1969).  “Structure,  Properties  and  Preparation  of  Perovskite  Type 
Compounds”,  Pergamon  Press,  London,  UK. 

[14]  Smolensky,  G.  A.,  Siny,  I.  G.,  Pisarev,  R.  V.  and  Kuzminov,  E.  G.  (1976).  Ferroelectrics, 
12,  135. 

[15]  Setter,  N.  and  Laulicht,  I.  (1987).  Appl.  Spectr.,  41,  526. 

[16]  Siny,  I.  G.  and  Smirnova,  T.  A.  (1989).  Fiz.  Tverd.  Tela,  30,  823;  [Soviet  Phys.-Solid  State, 
30,  473  (1988)];  Ferroelectrics,  90,  191  (1989). 


324 


I.  G.  SINY  AND  R.  S.  KATIYAR 


[17]  Siny,  I.  and  Boulesteix,  C.  (1989).  Ferroelectrics,  96,  119. 

[18]  Bismayer,  U.,  Devarajan,  V.  and  Groves,  P.  (1989).  J.  Phys.:  Condens.  Matter,  1,  6977. 

[19]  Boulesteix,  C.,  Caranoni,  C.,  Kang,  C.  Z.,  Sapozhnikova,  L.  S.,  Siny,  I.  G.  and 
Smirnova,  T.  A.  (1990).  Ferroelectrics,  107,  241. 

[20]  Burns,  G.  and  Scott,  B.  A.  (1973).  Solid  State  Commun.,  13,  423. 

[21]  Karamyan,  A.  A.  and  Krainik,  N.  N.  (1973).  Fiz.  Tverd.  Tela,  15,  2534  [Soviet  Phys.-Solid 
State,  15,  1687  (1974)]. 

[22]  Husson,  E.,  Abello,  L.  and  Morell,  A.  (1990).  Mat.  Res.  Bull.,  25,  539. 

[23]  Idink,  H.  and  White,  W.  B.  (1994).  J.  Appl.  Phys.,  76,  1789. 

[24]  Boulesteix,  C.,  Varnier,  F.,  Llebaria,  A.  and  Husson,  E.  (1994).  J.  Sol.  State  Chem.,  108, 
141. 

[25]  Manlief,  S.  K.  and  Fan,  H.  Y.  (1972).  Phys.  Rev.  B,  5,  4046. 

[26]  Siny,  I.  G.,  Katiyar,  R.  S.  and  Lushnikov,  S.  G.  (1966).  in  Proceedings  of  the  XVth 
International  Conference  on  Raman  Spectroscopy,  Edited  by  S.  A.  Asher  (John  Wiley  & 
Sons)  1002. 

[27]  Aleksandrov,  K.  S.,  Zinenko,  V.  I.,  Mikhel’son,  L.  M.  and  Sirotin,  Yu.  1.  (1969). 
Kristallografiya,  14,  327  [5ov.  Phys. -Crystallography,  14,  256  (1969)]. 

[28]  Siny,  I.  G.,  Lushnikov,  S.  G.,  Tu,  C.-S.  and  Schmidt,  V.  H.  (1995).  Ferroelectrics,  170, 197. 

[29]  Prokhorova,  S.  D.  and  Lushnikov,  S.  G.  (1989).  Ferroelectrics,  90,  187. 

[30]  Burns,  G.  and  Dacol,  F.  H.  (1983).  Solid  State  Comm.,  48,  853. 

[31]  Salje,  E.  and  Bismayer,  U.  (1989).  J.  Phys.:  Condens.  Matter,  1,  6967. 

[32]  Pronin,  1.  P.,  Parfenova,  N.  N.,  Zaitseva,  N.  V.,  Isupov,  V.  A.  and  Smolensky,  G.  A. 
(1982).  Fiz.  Tverd.  Tela,  24,  1860  [S'ov.  Phys.-Solid  State,  24,  1060  (1982)]. 

[33]  Sakata,  K.  and  Masuda,  Y.  (1974).  Ferroelectrics,  7,  347. 

[34]  Isupov,  V.  A.,  Pronin,  1.  P.  and  Kruzina,  T.  V.  (1984).  Ferroelectrics  Lett.,  2,  205; 
Isupov,  V.  A.  and  Kruzina,  T.  V.  (1983).  Bull.  Acad.  Sci.  USSR,  Phys.  Ser.,  47,  194. 

[35]  Zvirgzds,  J.  A.,  Kapostins,  P.  P.,  Zvirgzde,  J.  V.  and  Kruzina,  T.  V.  (1982).  Ferroelectrics, 
40,  75. 

[36]  Vakhrushev,  S.  B.,  Kvyatkovsky,  B.  E.,  Malysheva,  R.  S.,  Okuneva,  N.  M.,  Plachenova, 
E.  L.  and  Syrnikov,  P.  P.  (1989).  Kristallografiya,  34,  154  [Sov.  Phys.-Crystallogr.,  34,  89 
(1989)]. 

[37]  Xhonneux,  P.,  Courtens,  E.  and  Grimm,  H.  (1988).  Phys.  Rev.  B,  38,  9331. 

[38]  Park,  S.-E.,  Chung,  S.-J.,  Kim,  I.-T.  and  Hong,  K.  S.  (1994).  J.  Am.  Ceram.  Soc.,  11, 2641. 

[39]  Siny,  I.  G.,  Tu,  C.-S.  and  Schmidt,  V.  H.  (1995).  Phys.  Rev.,  51,  5659. 

[40]  Tu,  C.-S.,  Siny,  1.  G.  and  Schmidt,  V.  H.  (1994^  Ferroelectrics,  152,  403. 

[41]  Siny,  1.  G.,  Katiyar,  R.  S.,  Husson,  E.,  Lushnikov,  S.  G.  and  Rogacheva,  E.  A.  (1996). 
Bull.  Am.  Phys.  Soc.,  41,  720. 

[42]  Ridou,  C.,  Rousseau,  M.,  Daniel,  P.,  Nouet,  J.  and  Hennion,  B.  (1991).  Ferroelectrics, 
124,  293. 

[43]  Suchanicz,  J.  and  Ptak,  V.  S.  (1991).  Izv.  Acad.  Nauk  SSSR,  Ser.  Fiz.  55(3),  555  [Bull. 
Acad.  Sci.  USSR,  Phys.  Ser.,  55(3),  136  (1991)]. 

[44]  Hong,  K.  S.  and  Park,  S.-E.  (1996).  J.  Appl.  Phys.,  79,  388. 

[45]  Balashova,  E.  V.  and  Tagantsev,  A.  K.  (1993).  Phys.  Rev.  B,  48,  9979. 

[46]  Westphal,  V.,  Kleemann,  W.  and  Glinchuk,  M.  D.  (1992).  Phys.  Rev.  Lett.,  68,  847. 

[47]  Vugmeister,  B.  E.  (private  advice). 


Ferroelectrics,  1998,  Vols.  206-207,  pp.  325-335 
Reprints  available  directly  from  the  publisher 
Photocopying  permitted  by  license  only 


©  1998  OPA  (Overseas  Publishers  Association) 
Amsterdam  B.V.  Published  under  license 
under  the  Gordon  and  Breach  Science 
Publishers  imprint. 
Printed  in  India. 


FINITE  SIZE  EFFECTS  IN  A  BaTiOj 
FERROELECTRIC  GLASS  CERAMIC 

CLIVE  A.  RANDALL,  DANIEL  E.  McCAULEY 
and  DAVID  P.  CANN 

Intercollege  Materials  Research  Laboratory,  Pennsylvania 
State  University,  University  Park,  PA  16802 


(Received  23  February  1997;  In  final  form  30  June  1997) 


A  series  of  BaTiOa  glass  ceramics  were  synthesized  to  produce  dispersed  nanometer  sized 
crystals  grown  in  a  residual  glass  matrix.  Structure  property  relations  are  made  between  the 
crystallite  size  distribution  and  the  dielectric  temperature  dependence  of  the  ceramics.  The  phase 
transition  temperature,  dielectric  anomaly  broadening  and  peak  dielectric  constant  all  scale 
systematically  with  the  mean  size  of  the  BaTiOs  crystals.  These  results  are  discussed  in  relation 
to  other  size  effect  studies  performed  on  ferroelectric  materials. 

Keywords:  BaTiOs;  nanometer;  glass  ceramics;  polarization 


1.  INTRODUCTION 

The  physical  boundary  conditions  can  have  a  strong  influence  on  the  nature 
of  the  paraelectric  ferroelectric  phase  transitions.  Owing  to  the  large 
electrostrictive  couplings  in  ferroelectrics  between  strain  and  polarization, 
the  elastic  boundary  conditions  must  be  considered  For  example,  the 
hydrostatic  stress  will  shift  the  transition  temperature.  The  sign  of  this  shift 
is  dependant  on  the  details  of  the  dipole  ordering.  In  the  case  of  BaTiOs,  a 
compressive  hydrostatic  pressure  will  lower  the  transition  temperature. 
There  have  been  a  number  of  important  studies  concerning  the  influence  of 
hydrostatic  pressures  and  their  ability  to  shift  the  transition  temperature  to 
lower  temperature  values  in  BaTiOa,  and  a  typical  derivative  change  of 
transition  temperature  with  pressure  is  quoted  as  — 5.2°C/kilobar^^^. 
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In  addition  to  simply  shifting  the  transition  temperature,  stress  fields  can 
also  influence  the  order  of  the  phase  transition  through  higher  order  elastic 
coupling  coefficients.  These  trends  can  be  readily  modeled  with  the  Landau- 
Devonshire  phenomenological  model 

A  further  consideration  in  ferroelectric  materials  is  the  electric  boundary 
conditions  The  spontaneous  polarization  within  the  crystal  creates  a 
depolarization  field  that  requires  compensation  at  the  crystal  surface. 
Depolarization  fields,  are  reduced  via  domain  formation,  surface  charge, 
or  polarization  gradients  within  the  crystal.  For  nanoscale  (1-lOOnm) 
ferroelectric  crystals,  the  major  mechanism  for  compensation  for  the 
depolarization  field  is  assumed  to  be  surface  charge  and/or  polarization 
gradients.  The  spatial  variation  of  the  depolarization  field  is  then  given  by: 

£oEd{z)  =  ~[P{z)  +  g]  (1) 

where  E^  (z)  is  the  spatial  variation  of  the  depolarization  field, 

P(z)  is  the  spatial  variation  of  spontaneous  polarization, 

<T  is  the  surface  charge  density, 
z  is  normal  to  the  surface  of  the  crystal  and 
parallel  to  the  polarization,  and 
Eq  is  permittivity  of  free  space. 

Therefore,  effects  in  the  size  dependence  of  the  physical  properties  of  the 
materials  will  be  sensitive  to  both  the  elastic  and  electrical  boundary 
conditions  and  the  size  of  crystals.  In  general,  Binder  (1987)  has  pointed  out 
that  a  finite  system  undergoing  a  phase  transition  will  demonstrate  the 
following  characteristics: 

(i)  Shifting  of  the  phase  transition  to  lower  temperatures, 

(ii)  A  broadening  or  rounding  of  the  thermodynamic  property  anomalies, 
and, 

(iii)  A  systematic  lowering  of  the  magnitude  of  the  properties 

There  are,  of  course,  some  exceptions  to  these  trends,  a  classical  example 
being  the  anomalously  high  magnetic  susceptibilities  in  superparamagnetic 
particles.  In  the  case  of  ferroelectric  systems,  the  strong  coupling  of  the 
polarization  to  the  lattice  should  confine  these  materials  to  the  above  rules. 
In  addition,  the  scaling  of  these  effects  may  differ  depending  on  the  order  of 
the  phase  transition.  A  first  order  (discontinuous)  phase  transition  and  a 
second  order  (continuous)  phase  transition  are  microscopically  different 
in  the  regime  of  the  transition  temperature.  For  a  second  order  phase 
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transition,  the  correlation  length,  which  is  a  distance  at  which  the 
fluctuations  correlate,  diverges  at  the  transition  temperature,  T^,  viz.: 

(2) 

where  i/  is  a  critical  exponential  In  constrast,  the  correlation  length,  for  a 
first  order  transition  remains  finite,  typically  lOnm  for  ferroelectric 
materials.  Therefore,  since  the  dimensions  of  a  nanocrystal  limits  the 
correlation  length,  a  second  order  phase  transition  would  be  expected  to 
display  a  strong  size  dependence.  Most  of  the  fundamental  size  effects 
studies  have  focused  on  second  order  phase  transitions. 

Size  effect  phenomena  in  ferroelectrics  have  been  of  interest  for  many 
years,  but  recent  advances  in  chemical  synthesis  and  thin  film  deposition  have 
gained  new  momentum  However,  despite  the  large  number  of  recent 
investigations  regarding  the  effect  of  size  on  the  ferroelectric  transition,  there 
has  been  a  substantial  disagreement  in  the  critical  sizes  reported  in  particles. 
Table  I.  The  inconsistent  elastic  and  electric  boundary  conditions  resulting 
from  different  processing  schemes  may  account  for  some  of  the  variations. 

Other  problems  arise  because  of  limitations  in  the  different  characteriza¬ 
tion  techniques  employed  to  establish  the  structural  symmetry  of  the  unit 
cell.  Many  of  the  studies  also  lack  good  statistical  analysis  of  the  particle  or 
grain  size  distributions  which  are  key  to  such  experiments.  The  results  of 
some  of  these  investigations  are  summarized  in  Table  I,  which  considers  the 
loss  of  ferroelectric  behavior  in  perovskite  oxides. 


TABLE  I  Ferroelectric  critical  crystallite  sizes 


Composition 

Size 

Processing 

Method 

Characterization 

Method 

Reference 

BaTiOs* 

15nm 

Milling 

X-ray 

M.  Anlinker  et  al. 

BaTiOs-^ 

100  nm 

Hydrothermal 

X-ray/Raman 

T.  Yamamoto  et  al. 

BaTiOs* 

100  nm 

Oxalate 

X-ray 

K,  Saegusa  et  al. 

(Pbo.i6Bao.84)Ti03 

100  nm 

Oxalate 

X-ray 

K.  Saegusa  et  al. 

(Pbo.sBaojlTiOa* 

57  nm 

Oxalate 

X-ray 

K.  Saegusa  et  al. 

PhTiOg”^ 

13.8nm 

Sol-gel 

Raman 

K.  Ishikawa  et  al. 

PbTiOa^ 

9.1  nm 

Sol-gel 

Raman 

W.  Zhang  et  al. 

BaTiOa^’* 

15  nm 

Hydrothermal/Sol 
-gel  coprecipitated 

X-ray 

K.  Uchino  et  al. 

BaTiOa* 

10  nm 

Milling 

Electro-optic  Effect 

R.  Bachmann  and 
K.  Barner 

BaTiOa* 

49  nm 

Sol-gel 

X-ray  and  SHG 
(second  harmonic 
generation) 

S.  Schlag  and 

H.  F.  Eicke 

*Size  indicative  of  loss  of  ferroelectricity  at  room  temperature. 
■^Size  indicative  of  loss  of  ferroelectricity  at  all  temperature. 
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2.  RESULTS 

A  glass-ceramic  material  is  a  composite  created  through  controlled 
crystallization  of  an  appropriate  glass  composition  A  BaTiOa 

crystalline  phase  can  be  produced  on  annealing  a  Ba0-Ti02“Al203- 
SiOs  glass  Using  a  glass  ceramic,  we  are  able  to  avoid  particle  processing 
problems  such  as  dispersion  and  grain  growth,  while  at  the  same  time  we  can 
control  the  size  distributions  through  the  careful  thermal  treatments. 
Extremely  fine  crystallites  can  be  developed  with  a  high  nucleation  efficiency 
and  limited  primary  grain  growth.  Various  temperature  and  time  schedules 
were  applied  to  create  samples  with  systematic  variations  of  crystallite  sizes. 
A  typical  glass  composition  of  42.9%  BaO-35.8%  Ti02-14.3%-Si02- 
7.2%  AI2O3  was  isothermally  annealed  over  temperatures  ranging  from 
700° C  to  1000°C  for  times  ranging  from  5  minutes  to  2  weeks. 

A  Williamson-Hall  X-ray  analysis  of  powder  diffraction  data  was  used  to 
establish  both  residual  strain  and  coherent  crystal  size^^^^.  This  concluded 
that  an  increase  in  residual  strain  occurred  with  increasing  crystallite  size. 
The  coherent  BaTiOs  mean  crystallite  size  lies  in  the  range  of  20  to  100  nm 
for  the  various  glass  ceramic  samples.  Scanning  electron  microscopy 
(SEM)  observations  were  also  performed  to  establish  crystallite  size  distri¬ 
butions  in  the  glass  ceramic  materials.  There  exists  excellent  agreement 
between  the  Williamson-Hall  and  statistical  analysis  for  the  950°C 
isothermal  samples  (Tab.  II).  From  this  correspondence,  we  can  conclude 
that  the  BaTiOs  phase  observed  in  the  SEM  micrographs  are  single  crystals 
with  a  coherent  lattice. 

The  dielectric  constant-temperature  characteristics  of  the  BaTiOs  glass 
ceramics  were  obtained  as  a  function  of  various  annealing  times.  The 
dielectric  constant  maximum  increases  with  longer  annealing  times,  and  the 
corresponding  temperature  of  the  maximum  dielectric  constant  is  also  found 
to  increase.  Eventually,  measured  approaches  the  bulk  value  of  ~  120°C 
with  longer  anneal  times  at  950°C.  The  1  KHz  dielectric  loss  (tan  6)  ranges 
from  0.004  to  0.006  at  room  temperature.  Figure  1  specifically  shows  a  shift 


TABLE  11  Crystallite  size  data  from  X-ray  and  microscopy  techniques 


Sample  Processing 

Average  Size  Via  X-ray 

Average  Size  Via  SEM 

1  hrs.  950“  C 

3  hrs.  950° C 

10  hrs.  950°C 

47  hrs.  950°C 

2  weeks.  950°C 

20  nm  ±  3  nm 

22  nm  ±  5  nm 

40  nm  ±  9  nm 

51  nm  ±  20  nm 

83  nm  ±  43  nm 

25  nm  ±  12  nm 

32  nm  ±  17  nm 

38  nm  ±  12  nm 

45  nm  ±  9  nm 

78  nm  ±  19  nm 
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2  weeks.950  (83  run) 

47h.9S0  (51  nm)  . 

17h.950  (38  nm)  - 

lOh.950  (40  nm)  . 

3h.950  (22  nm)  . 

lh.950  (20  nm)  - 

Glass  - 

-150  -50  50  150 

Temperatuiie  (®C) 

FIGURE  I  Variation  of  dielectric  constant  versus  temperature  data  for  ceramics  annealed 
at  950°C  for  differing  times. 


of  the  dielectric  maximum  temperature  for  samples  produced  with  various 
annealing  times.  The  dielectric  maximum  is  believed  to  be  indicative  of  a 
ferroelectric  phase  transition.  A  material  with  both  a  positive  and  negative 
temperature  coefficient  of  capacitance  is  otherwise  extremely  difficult  to 
explain.  The  quenched  pure  glass  phase  does  not  show  a  maximum  but  a 
positive  temperature  coefficient  of  capacitance  typical  of  a  glass  material. 


3.  DISCUSSION 

The  data  presented  in  the  previous  section  on  ferroelectric  glass  ceramics 
can  be  analyzed  in  relation  to  the  earlier  theoretical  investigations.  Through 
a  phenomenological  model,  Binder  points  out  the  influence  of  depolariza¬ 
tion  fields  and  the  order  of  the  phase  transition  in  ferroelectric  systems 
undergoing  size  effects  The  scaling  critical  exponents  are  predicted  to 
change  under  depolarization  fields  in  finite  ferroelectric  crystals.  In  this 
investigation,  the  basic  trends  in  the  scaling  behavior  can  be  observed  from 
correlating  the  dielectric  data  and  the  mean  of  the  crystallite  size 
distribution. 

The  shift  of  the  transition  temperature  scales  with  A,  the  number  of  unit 
cells  contained  in  an  average  crystal  (Fig.  2(a)).  This  scaling  is  a  consistent 
with  typical  size  influenced  transitions;  viz. 


(3) 
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(b)  Log  (N) 

FIGURE  2  Comparison  of  the  a)  transition  shift,  b)  broadening  and  c)  magnitude  of  the 
dielectric  maximum  as  a  function  of  BaTiOs  crystal  size. 


The  critical  exponents  in  this  case  are  the  shift  exponent,  A,  and  d  is  the 
dimensionality. 

As  the  crystallites  in  the  glass  ceramic  are  undergoing  size  effects,  we  also 
expect  there  is  also  a  rounding  or  broadening  of  the  critical  anomalies 
observed  at  the  transition  temperature.  This  rounding  scales  with  size; 

Ar„u„dtog  (4) 

where  d  is  dimensionality  and  6  is  the  rounding  exponent. 
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•  Log  (Kniax)Ba’n03 

y  =  0.988x+ 1.127  r2  =  0.929 


□  log  (Kmax)  Composite 
y  =  0.660X  +  1 .072  ?  =  0.930 


1.2  1.4  1.6  1.8  2 

Log  (size)  (nm) 

FIGURE  2  (Continued). 

The  interrelationships  between  the  rounding  and  shifting  exponents  and 
the  other  critical  exponents  of  the  order  parameter  and  susceptibility  are 
linked  to  the  order  of  the  phase  transition  and  the  influence  of 
depolarization  field.  Measurements  taken  here  demonstrate  the  general 
scaling  trends  but  are  not  sufficient  to  elucidate  accurate  rounding  and 
shifting  exponents.  Monosized  crystallite  distributions  and  more  accurate 
temperature  measurements  would  be  required  to  establish  critical  expo¬ 
nents. 

The  peak  value  of  the  dielectric  constant  also  scales  as  a  function  of 
particle  size.  In  a  second  order  transition 

X-max  L"/"  (5) 

where  L  is  the  size  of  the  crystal, 

7  is  dielectric  constant  critical  exponent,  and 
V  is  the  critical  exponent  of  the  correlation  length  temperature  de¬ 
pendence  (see  Eq.  (2)). 

For  a  first  order  phase  transition,  the  dielectric  maximum  depends  on  the 
crystal  size  raised  to  the  power  of  the  dimensionality,  viz. 

A„.ax  «  L‘‘  (6) 

where  d  is  again  the  dimensionality. 

Temperatures  below  r^ax  were  used  to  establish  the  diffuseness  coefficient 
for  the  size-affected  properties  of  the  glass-ceramic.  The  diffuseness 
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coefficient  was  established  from  the  dielectric-temperature  dependence,  viz. 


1^  1  (r-r^ax)" 


(7) 


where  A^max  is  the  peak  dielectric  constant, 

r^iax  is  the  corresponding  dielectric  constant  and, 
6  is  the  diffuseness  coefficient 


A  systematic  scaling  trend  is  noted  in  Figure  2b  showing  the  increase  in 
broadening  with  decreasing  crystal  size. 

Figure  2c  shows  AT^ax  increasing  with  the  mean  crystallite  size. 
Corrections  to  the  ATmax  values  were  added  by  taking  into  account  the 
volume  fraction  of  non-ferroelectric  glassy  phase.  The  crystals  are  dispersed 
within  the  residue  glassy  matrix,  and  the  growth  is  not  interpentrating  at  the 
conditions  reported  in  this  paper.  The  volume  fraction  of  BaTiOs  can  be 
readily  determined  by  careful  density  measurements  and  logarithmic  mixing 
laws.  The  slope  from  Figure  2c  does  not  have  a  dimensionality  of  3,  which 
would  be  indicative  of  a  first  order  phase  transition  (as  given  by  Eq.  6).  This 
would  imply  the  ferroelectric  crystals  are  undergoing  second  order  phase 
transitions.  Since  the  elastic  boundary  conditions  on  the  crystals  would  be 
hydrostatically  clamped,  one  would  expect  the  transition  in  BaTi03  to  be 
second  order.  It  should  also  be  noted  that  hydrostatic  pressure  is  not 
sufficiently  high  to  shift  the  dielectric  anomaly  to  the  temperatures  observed 
in  this  study  and,  therefore,  the  shifts  are  resulting  solely  from  a  size  effect. 

The  shift  of  the  transition  temperature  with  size  has  been  the  subject  of  a 
number  of  previous  studies.  The  critical  size  is  defined  as  the  size  where 
ferroelectricity  is  no  longer  stable  at  any  temperature.  Attempts  to  predict 
the  critical  size  have  been  addressed  both  theoretically  and  experimen¬ 
tally  The  transition  temperature  shift  with  crystal  size  has 

previously  been  described  by  Ishikawa  et  al,  with  a  simple  empirical 
relationship: 


Tc^ 


Tcipo)  + 


Constant 


L  ^critical 


(8) 


where 

Tc(oo) 

L 

-^critical 


is  the  transition  temperature  of  a  finite  ferroelectric, 
is  the  bulk  transition  temperature 
is  the  crystallite  size  and, 

is  the  smallest  crystal  size  showing  ferroelectric  behavior 
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Figure  3  compares  the  Tc  shift  of  the  BaTiOa  glass-ceramic  samples  to 
previous  studies  on  BaTiOs  and  PbTiOs  powder.  Extrapolating  these  data 
on  a  linear  plot  reveals  the  critical  BaTiOs  crystal  size  to  be  17nm±4nm. 
This  result  is  in  excellent  agreement  with  the  PbTi03  powder  study  by 
Ishikawa  et  al,  where  the  critical  size  was  found  to  be  13.8  nm. 

It  is  interesting  that  there  exists  strong  evidence  for  a  reduction  in  the 
transition  temperatures  of  isolated  particles,  but  the  evidence  for  such  shifts 
in  the  bulk  ceramics  or  these  films  is  not  as  clear.  Apparently,  the  electrical 
boundary  conditions  strongly  influence  the  critical  temperature.  Recently 
Liu  et  al,  used  careful  calorimetry  and  X-ray  diffraction  measurements  to 
study  the  size  effect.  Differences  in  the  degree  of  agglomeration  of  the 
particles  also  changed  the  extrapolated  critical  sizes  in  BaTiOs^^^l  The 
particle  agglomerates  appeared  to  show  a  smaller  shift  of  the  transition 
temperature  from  the  bulk  temperature.  The  size  effects  in  bulk  ceramics 
and  thin  films  would  not  experience  the  influence  of  depolarization  fields 
unless  there  is  a  low  dielectric  constant  grain  boundary  phase  present. 

In  most  grain  size  studies  in  bulk  ceramics  and  thin  films,  the  dielectric 
constant  temperature  behavior  presents  a  peak  dielectric  constant  reduction 
and  a  broadening  with  decreasing  grain  size^^°“^^l  The  evidence  for 
dramatic  shifts  in  transition  is  suppressed.  This  has  been  demonstrated  by  a 
number  of  authors  in  grain  sizes  down  to  lOOnm.  But  recently  Frey,  et  al, 
were  able  to  fabricate  BaTi03  films  and  bulk  ceramics  with  grain  sizes  down 
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FIGURE  3  Comparison  of  the  transition  temperature  variation  with  crystals  size  for  different 
systems  and  studies*^’ 
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to  40  nm  with  no  appreciable  shift  in  Comparing  our  data  with  that  of 
Frey,  et  al,  sizes  below  40  nm  dramatically  demonstrate  shifts  in  transition 
temperature.  However,  the  sensitivity  of  these  shift  may  very  much  depend 
on  differences  in  electric  boundary  condition  and  the  ability  to  create  a 
graded  polarization  in  the  crystal.  These  issues  need  much  greater  attention 
by  experimentalists  in  the  area  of  ferroelectrics. 


4.  SUMMARY  AND  CONCLUSIONS 

Ferroelectric  behavior  in  nanometer  sized  crystals  and  crystallites  show  a 
number  of  size  effects  that  challenges  our  present  understanding  of  the 
phenomena.  In  this  study,  we  showed  that  a  glass  ceramic  provides  one 
possible  method  to  probe  size  effects.  The  shifting  of  the  transition 
temperature,  broadening  of  the  dielectric  anomaly  and  the  lowering  of  the 
peak  maximum  are  all  clearly  observed  through  electric  measurements  in 
crystallite  sizes  ranging  from  20-80  nm.  The  critical  size  for  the  BaTiOs 
crystals  was  extrapolated  from  the  empirical  Ishikawa  relation  to  be 
17nm±  4nm. 
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We  report  the  efiFect  of  interfaces  (and  thus  internal  surface  area  effects)  on  the  value  of 
dielectric  constant  (K')  calculated  from  capacitance  and  geometry  data  for  sub-micron  barium 
titanate  (BaTiOs)  ceramics  prepared  with  decreasing  grain  size  (an_d  grain  volumes).  A  series 
model  is  proposed  to  explain  the  decreasing  values  of  apparent  K'  obtained  for  grain  sizes 
below  0.5  pm.  A  disdnction  is  made  between  the  true  dielectric  constant  (K')  and  the  apparent 
dielectric  constant  {K')  calculated  from  experimental  data.  The  progressive  suppression  in  K'  is 
explained  in  terms  of  ferroelectric  grains  of  constant  dielectric  constant  {K\)  separated  by  a 
lower-A:2  boundary  region  (i.e.,  grain  boundary)  of  constant  thickness  {di).  The  problem  is  one 
of  an  increasing  interfacial  surface  area  to  grain  volume  ratio  in  fine-grain  dielectrics.  We  begin 
by  reporting  original  dielectric  data  for  high  pressure-densified  ultrafine-grain  BaTiOa  ceramics. 
Chemically  prepared  BaTiOs  powder  was  consolidated  at  high  pressure  (8GPa)  and  low 
temperature  to  prepare  ultrafine  grain  microstructures.  Specimens  pressed  at  700°  C  were 
substantially  dense  (>98%  of  theoretical  density)  with  an  average  grain  size  of  70  nm. 
Subsequent  heat  treatment  at  increasing  temperatures  (and  atmospheric  pressure)  yielded  a 
series  of  specimens  with  increasing  grain  sizes  up  to  20  pm.  High-pressure  consolidation  at  room 
temperature,  followed  by  heat  treatment  at  800°C  (and  atmospheric  pressure),  yielded  a  finer- 
grain  (40  nm)  and  less  dense  (f^  90%  th)  microstructure.  The  temperature  dependence  of  K'  was 
determined  for  ceramics  ranging  in  grain  size  from  40  nm  to  20  pm.  Curie- Weiss  analysis  of  the 
dielectric  data  clearly  suggests  a  series  dilution  of  the  composite  K'  by  the  interfacial  grain- 
boundary  regions.  We  were  able  to  model  the  dielectric  measurements  by  considering  grain 
boundary  regions  of  relaxed  thickness  ^2  =  8  A  and  dielectric  constant  K'2  =  130.  Polarization 
reversal  and  Curie-Weiss  characteristics  were  observed  for  all  BaTiOs  ceramics  studied  in  this 
investigation.  Thus,  the  conclusions  are  made  that  if  a  critical  grain  size  exists  for  ferroelectricity 
it  is  less  than  40  nm  for  polycrystalline  BaTiOs,  and  the  role  of  interfaces  is  extremely  important 
on  the  calculated  values  of  K'  for  fine-grain  ceramics  below  0.5  pm. 


Keywords:  BaTi03;  grain  size;  dielectric  constant;  interfaces;  series  dilution;  Curie-Weiss 
analysis 
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INTRODUCTION 

The  effects  of  size  (e.g.,  grain  size)  and  scale  (e.g.,  thickness)  on  properties 
are  of  current  interest  for  ferroelectric  ceramics.  Specifically,  deviations 
from  intrinsic  behavior  often  exhibited  by  materials  integrated  in  thin-layer 
form  on  semiconductors  may  compromise  their  utility  for  certain  applica¬ 
tions,  including  non-volatile  and  dynamic  random  access  memory  elements. 
For  example,  we  have  observed  that  certain  BaTiOs-based  thin  layers 
display  significantly  reduced  values  of  dielectric  constant  {K'),  as  well  as  the 
lack  of  polarization-reversal  characteristics  These  significant  deviations 
from  intrinsive  behavior  may  result  from  some  combination  of  i)  grain  size, 
ii)  layer  thickness,  iii)  residual  stress,  and  iv)  electrode  interface  effects.  In 
the  present  work,  we  have  isolated  the  effect  of  grain  size  by  preparing 
substantially  dense  ceramics  of  very  fine  microstructure  and  determining 
their  dielectric  properties.  In  this  way,,  the  influence  of  grain  size  (from  the 
nano  to  the  micron  scale)  on  properties,  was  determined  for  polycrystalline 
BaTiOa.  Grain  size-dependent  Curie- Weiss  characteristics,  as  well  as  the 
properties  in  the  ferroelectric  state,  are  explained  by  series  mixing  of 
ferroelectric  grain  cores  with  non-ferroelectric  grain  boundary  regions. 

The  present  investigation  is  based  on  a  characterization  of  a  suite  of 
BaTiOa  specimens  prepared  with  average  grain  sizes  which  increase 
sequentially  from  the  nano  to  the  micron  scale.  Stoichiometric  nanocrystal¬ 
line  BaTi03  powders  were  prepared  by  an  alkoxide  decomposition  route. 
Ceramic  bodies  were  formed  by  consolidation  at  high  pressure  and  elevated 
temperature.  The  materials  of  this  investigation  were  prepared  without 
additives.  Thus,  experimentally  determined  property  values  are  reported  for 
nominally  pure,  single-phase  BaTi03.  As-pressed  pellets  were  sliced  into 
thin  wafers,  which  were  heat-treated  (individually)  at  successively  higher 
temperatures  to  yield  the  microstructures  reported.  Impedance  and  high- 
electric  field  polarization  measurements  were  carried  out  to  determine  the 
relationships  between  grain  size  and  dielectric  properties  for  ultrafine-grain 
BaTi03. 


EXPERIMENTAL 

Barium  and  titanium  methoxyethoxide  solutions  were  prepared  as  reported 
previously  in  our  earlier  work^^^.  Solution  concentrations  were  carefully 
determined  by  gravimetric  analysis  before  combination  to  yield  an 
equimolar  BaTi03  precursor  solution.  Such  solutions  have  been  shown  to 
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yield  the  perovskite  phase  by  a  multistage  decomposition  route  during  heat 
treatment  in  air  to  750°C  -  with  no  further  weight  loss  above  this 
temperature.  By  contrast  with  BaTi03  powders  prepared  at  very  low 
temperatures  (e.g.,  100°C)  by  excess  hydrolysis  of  the  same  alkoxides,  the 
powders  of  this  study  (i.e.,  unhydrolyzed  metallo organic  decomposed)  were 
confirmed  to  be  free  of  any  detectable  hydroxyl  defects  as  determined  by 
infrared  spectroscopy  The  presence  of  hydroxyl  defects  would  complicate 
the  interpretation  of  electrical  data.  Powders  were  prepared  by  drying 
(150X)  and  decomposing  the  metalloorganic  solution  at  750°C  for  Ihr.  The 
starting  primary  crystallite  size  was  less  than  30  nm,  as  determined  by  high- 
resolution  scanning  electron  microscopy  (SEM,  Hitachi  S-800).  X-ray 
diffraction  (XRD,  Rigaku  D-MAX  IIIB)  showed  the  powder  to  exhibit  the 
commonly  reported  “pseudocubic”  perovskite  structure. 

After  grinding  the  calcined  powder  in  a  mortar  and  pestle,  pellets  were 
formed  without  binder  by  uniaxial  cold-pressing.  A  sample  assembly  for 
high  pressure  consolidation  was  prepared  in  the  following  way.  Individual 
pellets  were  encapsulated  in  gold  foil  and  placed  next  to  a  pressure- 
calibrated  D-type  thermocouple,  all  within  a  cylindrical  iron-chromium 
heating  elements'll  The  various  components  of  the  sample  assembly  were 
isolated  and  lubricated  with  fitted  pieces  of  hexagonal  boron  nitride.  The 
sample  assembly,  held  in  an  octahedral  MgO  casting,  was  loaded  into  a 
multi-anvil  press  (Rockland  Research  Corporation)  BaTi03  bodies  were 
consolidated  isostatically  at  a  pressure  of  8  GPa  for  30  min,  with  or  without 
heating  to  700°C.  The  pressure  was  generated  in  less  than  1 5  min,  held  for 
30  min,  and  then  released  over  the  course  of  one  hour.  Heating  to  700°C, 
after  the  pressure  was  reached,  required  less  than  10  min,  as  did  a  significant 
amount  of  the  cooling  after  the  pressure  was  released.  The  ceramic  pellets 
pressed  with  concurrent  heating  to  700°  C  were  translucent  and  light  blue 
in  color,  suggesting  that  they  were  dense,  but  partially  reduced.  Sliced 
specimens  were  heat-treated  in  air,  at  atmospheric  pressure,  and  at 
temperatures  of  700°  C  or  higher,  where  reoxidation,  relief  of  residual 
stresses,  and  grain  growth  could  take  place.  The  ceramic  specimens  had 
sufficient  strength  that  they  could  be  handled  easily  without  breakage  during 
extraction  from  the  press,  and  during  slicing  and  polishing.  Individual 
wafers,  measuring  4 mm  in  diameter  and  0.30 -0.35  mm  in  thickness,  were 
heated  at  10°C/min  in  air  to  temperatures  between  700  and  1325°C  and 
held  at  temperature  for  30  min,  before  cooling  at  10°C/min.  An  average 
grain  size  ((g.s.))  was  determined  by  the  linear-intercept  method  from  SEM 
photomicrographs  of  fractured  surfaces,  and  ranged  from  70  nm  to  20  pm, 
depending  on  the  secondary  heat-treatment  conditions.  Several  areas  of 
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each  specimen  were  examined,  and  an  average  grain  size  was  determined. 
For  the  preparation  of  finer-grain  material,  the  high  pressure  consolidation 
was  carried  out  at  room  temperature.  These  specimens  were  less  dense  and 
strong.  However,  secondary  heat  treatment  at  800°  C  for  30  min  in  air 
yielded  a  material  of  40  nm  grain  size  with  sufficient  strength  that  it  could  be 
handled  without  breakage  throughout  the  specimen  preparation  procedure. 
The  disk-shaped  specimens  were  used  for  electrical  measurements.  After 
annealing  and  polishing,  they  were  found  to  be  light  tan  in  color.  Sputter- 
deposited  gold  electrodes  were  used  as  contacts  in  a  parallel-plate  capacitor 
structure.  Temperature-dependent  measurements  were  made  in  a  computer- 
controlled  environmental  chamber  with  a  HP4284  LCR  meter.  Values  for 
the  apparent  dielectric  constant  [K')  and  loss  tangent  (tan  6)  were  obtained. 
Polarization-electric  field  (P-E)  measurements  were  carried  out  at  room 
temperature  on  a  modified  Sawyer-Tower  apparatus.  Microstructures  were 
further  characterized  by  transmission  electron  microscopy  (TEM,  Philips 
420  and  Hitachi  9000). 


RESULTS  AND  DISCUSSION 

An  enhancement  of  the  dielectric  constant  {K'),  for  fine  grain  1  pm) 
BaTi03  ceramics  below  the  Curie  temperature  (T^),  was  reported  as  early  as 
1954 When  BaTiOs  ceramics  are  prepared  with  a  grain  size  as  small  as 
0.5- 1pm,  the  K’  values  below  Tc  become  significantly  enhanced,  e.g., 
K'  ^  5000  for  fine  grain  (0.5  pm)  material,  compared  with  K'  ^  1500  for 
coarse  grain  (50  pm)  ceramics  at  room  temperature.  The  effect  is  clearly 
illustrated  in  the  data  reported  by  Kinoshita  and  Yamaji,  as  shown  in 
Figure  1  The  value  of  1500  for  coarse-grain  material  is  readily 
understood  in  terms  of  an  orientational  average  of  the  anisotropic  dielectric 
constants  which  characterize  a  free  single  crystal  The  value  of  5000  for 
fine-grain  microstructures  was  suggested  by  Buessem  et  al.,  to  result  from  a 
contribution  from  residual  stresses  on  individual  grains,  where  the  grains 
were  observed  to  become  substantially  untwinned  with  decreasing  grain 
size^^^l  With  further  reduction  in  grain  size  below  0.5- 1.0 pm,  the  K'  value 
in  the  tetragonal  phase  was  observed  to  decrease  again.  This  behavior  is 
illustrated  in  the  data  reported  by  Arlt  et  al,  as  shown  in  Figure  2^^^.  Due  to 
practical  difficulties  in  preparing  dense  BaTiOs  ceramics  with  a  grain  size 
less  than  0.5  pm,  little  data  has  been  reported  for  K'  values  below  that  grain 
size.  Most  importantly,  a  rigorous  explanation  of  the  effect  has  remained 
elusive.  Arlt  et  al,  proposed  that  the  decrease  in  K'  resulted  from  changes  in 


FIGURE  1  Effect  of  grain  size  on  measured  values  of  dielectric  constant  for  BaTiOa  ceramics 
with  grain  sizes  ranging  from  l-SO^im,  as  a  function  of  temperature  (from,  Kinoshita  and 
Yamaji,  Ref.  [6]). 


FIGURE  2  Effect  of  grain  size  on  measured  values  of  dielectric  constant  for  BaTiOs  ceramics 
with  grain  sizes  ranging  from  0.3 -100  pm,  at  temperatures  25  and  70°C  (from,  Arlt  et  al., 
Ref.  [7]). 
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crystal  structure  (i.e.,  a  “pseudocubic”  structure,  not  tetragonal  structure) 
with  grain  size  reduction  while  Shaikh  et  al.,  suggested  that  the  behavior 
could  be  explained  by  combined  parallel  and  series  mixing  of  grain  interiors 
and  boundary  regions  However,  analysis  by  the  latter  authors  led  to  the 
unrealistic  conclusion  that  amorphous  grain  boundaries  with  a  thickness  as 
large  as  90  A  must  be  present  within  ultrafine-grain  BaTiOs-  We  also 
question  the  applicability  of  a  combined  series  and  parallel  dielectric  mixing 
model  for  fine-grain  BaTiOs.  Specifically,  in  light  of  the  expected  differences 
in  dielectric  susceptibilities  between  grain  interiors  and  grain-boundary 
regions  (with  the  interiors  having  much  higher  susceptibility),  we  apply  a 
series  dielectric  mixing  model  to  explain  our  experimental  data. 

Figure  3  gives  temperature-dependent  K'  and  tan  8  data  for  a  series  of 
specimens  prepared  in  this  study.  The  sample  which  was  both  pressed  and 
annealed  at  700°C  was  characterized  by  a  wide  grain-size  distribution  (30- 
100  nm,  (g.s.)  =70nm).  Secondary  heat  treatment  at  900°C  resulted  in  grain 
growth  to  (g.s.)  =90nm,  with  the  presence  of  a  small  number  of  grains  as 
small  as  30  nm  or  as  large  as  0.2  pm.  Microstructures  for  the  specimens  with 
(g.s.)  reported  as  0.17,  0.24,  0.33  and  0.60  pm  contained  no  grains  smaller 
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FIGURE  3  Measured  value  of  dielectric  constant  and  loss  tangent  for  BaTi03  ceramics 
nrepared  in  the  present  study,  as  a  function  of  temperature.  The  grain  sizes  ranged  from  0.07  - 
1.7  pm  and  were  prepared  by  pressing  at  8GPa  and  700°C,  followed  by  heat  treatment  in  air. 
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than  0.1  \im  or  larger  than  1  jim.  To  illustrate  the  density  of  the  materials  in 
this  study,  Figure  4  gives  a  bright  field  TEM  photomicrograph  for  a 
specimen  heat  treated  at  900°C  for  30  min  in  air  ((g.s.)  =90nm),  recorded  in 
a  region  of  small  grain  size.  All  of  the  materials  reported  in  Figure  3  were 
substantially  dense,  as  determined  by  direct  observation  with  SEM  and 
TEM.  They  contained  a  small  amount  of  well-dispersed  and  isolated 
submicron  porosity,  and  were  judged  to  be  >98%  of  theoretical  density. 
Loss  tangent  data  are  given  as  an  indication  of  the  quality  of  the  specimens. 
That  is,  the  dielectric  constant  data  reported  for  materials  annealed  at 
increasing  temperature  should  not  be  thought  to  be  comprised  of  any  lossy 
conductive  contributions.  Measured  values  of  the  DC  resistivity  were  in 
excess  of  5  x  10^^  H-cm.  The  data  in  Figure  3  indicate  a  number  of  important 
findings: 

i)  The  room-temperature  K'  values  for  dense  BaTiOs  ceramics  with  a  grain 
size  less  than  lOOnm  are  greater  than  2000. 

ii)  A  dielectric  anomaly  is  clearly  present  at  the  ferroelectric  transformation 
temperature,  T^,  for  BaTi03  ceramics  with  a  grain  size  less  than  100  nm. 

iii)  Tc  (120°C  on  cooling)  is  not  shifted  to  lower  temperature  with  grain  size 
reduction  below  2  pm  for  dense  ceramic  BaTi03. 

iv)  The  dielectric  maximum  at  Tc,  and  values  of  at  T  >  Tc,  decrease  with 
decreasing  grain  size  below  2  pm,  which  is  dilferent  from  the  results  of 
Kinoshita  and  Yamaji  reported  for  larger-grain  materials 


FIGURE  4  Bright  field  transmission  electron  photomicrographs  illustrating  the  dense 
microstructure  for  a  high  pressure-consolidated  BaTiOs  ceramic,  subsequently  heat-treated  at 
atmospheric  pressure  in  air  at  900°C  for  30  min. 
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The  first  (i)  of  these  observations  (i.e.,  K'  ^  2000)  is  contrary  to  our 
results  for  thin-layer  BaTi03^^l  While  the  reported  flattened  temperature 
characteristics  of  K'  for  thin  layers  of  fine  micro  structure  can  be,  in  part, 
attributable  to  grain  size,  it  appears  that  the  low  values  commonly  reported 
for  the  calculated  K'  50-300)  are  likely  to  be  the  result  of  a  combination 
of  a  grain  size  and  other  effects.  For  example,  the  apparent  dielectric 
constant  has  been  shown  to  decrease  continuously  for  BaTiOs  thin  layers 
with  decreasing  thickness  below  1  pm  The  decrease  in  apparent  K'  is 
likely  to  result  from  an  external  electrode  interface  effect.  The  second  (ii) 
and  third  (iii)  observations  above  are  relevant  to  reports  that  BaTi03 
particles  of  size  less  than  lOOnm  are  cubic  and  nonferroelectric  at  room 
temperature  Our  results  indicate  that  the  published  conclusions  of 
Uchino  et  al.,  based  upon  XRD  experiments  carried  out  on  BaTi03 
particles  should  not  be  applied  to  polycrystalline  ceramic  materials  of 
comparable  grain  size.  That  is,  BaTi03  polycrystals  with  a  grain  size  less 
than  100  nm  clearly  exhibit  dielectrie  characteristies  of  a  ferroelectric 
transformation  at  the  normal  Tc.  This  conclusion  is  supported  by  our 
previous  results  for  an  investigation  into  the  structure  and  phase 
transformation  characteristics  of  BaTi03  polycrystals  with  decreasing  grain 
size  below  100  nm  In  the  present  study,  a  small  negative  shift  in  Tc  for  the 
BaTi03  ceramies  reported  in  Figure  3,  as  compared  with  the  Tc  for  coarse- 
grain  (20  pm)  specimens  {Tc  =  123°C)  was  observed.  That  is,  after  an  initial 
shift  in  Tc  from  123  to  120°C  (with  decreasing  grain  size  from  20  to  1.7  pm), 
no  further  change  in  Tc  was  observed.  This  shift  is  likely  to  result  from  an 
elastic  clamping  effect  for  individual  crystallites  in  all  of  the  fine-grain 
ceramics  (g.s.  <  1.7  pm)  of  this  study  The  value  of  123°C  for  Tc  for  the 
coarse-grain  specimen,  instead  of  130°C,  indicates  that  the  materials  in  this 
study  do  contain  some  substituents.  For  example,  elemental  analysis 
revealed  the  presence  of  impurities  at  the  following  levels;  0.4  wt%  Sr, 
0.07  wt%  Ca,  and  0.03  wt%  Mg,  most  likely  derived  from  the  barium 
related  source.  It  is  noteworthy  that  similarly  reduced  values  of  Tc  for 
ceramic  specimens  in  the  previous  studies  by  Kinoshita  and  Yamaji  and 
by  Arlt  and  coworkers  call  into  question  claims  of  remarkable  purity.  The 
fourth  (iv)  observation  above,  that  of  deereasing  values  of  apparent  K'  at 
T  >  Tc  with  deereasing  grain  size  below  1.7  pm,  is  next  considered  in  more 
detail.  For  the  remainder  of  this  report,  ealculated  values  of  the  apparent 
dielectric  constant,  based  upon  direct  impedance  measurements,  or  upon  the 
micro  structural  model,  are  designated  by  K' . 

Figure  5  gives  Curie-Weiss  characteristics  for  the  data  reported  in  Fig¬ 
ure  3.  Values  calculated  for  the  Curie  constant  from  these  data  are 
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FIGURE  5  Curie-Weiss  characteristics  for  the  BaTi03  ceramics  prepared  in  the  present 
study. 


essentially  equal  (C-  1.7x10^  K)  for  ceramics  of  different  grain  sizes,  while 
the  minimum  dielectric  stiffness  iy/K'  at  increased  continuously  with 
decreasing  grain  size  (or  increasing  grain  boundary  area  per  grain  volume). 
These  results  can  be  interpreted  in  terms  of  a  brick-wall  model  for  the 
distribution  of  different  dielectric  phases  in  a  diphasic  dielectric  That  is, 
the  interior  grain  volumes  may  undergo  the  ferroelectric  transformation  in 
the  presence  of  an  incoherent,  and  thus  somewhat  defective  or  disordered, 
grain-boundary  region.  It  will  be  shown  in  this  paper  that  a  grain-boundary 
region  with  a  width  of  only  two  lattice  spacings,  or  8  A,  and  a  temperature- 
independent  dielectric  constant  of  130  can  explain  the  reduction  in  K' 
through  series  dielectric  mixing!  These  characteristics  for  a  boundary  region 
are  judged  to  be  reasonable,  based  on  high  resolution  transmission  electron 
microscopy  observations,  as  shown  in  Figure  6,  and  reported  values  of 
for  titania  (Ti02)  and  nonferroelectric  titanates  in  general.  Figure  7  gives  a 
schematic  representation  of  the  brick-wall  model  for  a  diphasic  dielectric 
comprised  of  isolated  grains  and  a  continuously  connected  grain-boundary 
region.  As  explained  previously,  for  K\  :$>  K 2,  electric  flux  fringes  away 
from  the  boundary  regions  oriented  parallel  to  the  flux  passage,  which 
results  in  series  dielectric  mixing  for  such  high-AT  ceramic  microstruc¬ 
tures  The  apparent  dielectric  constant  {K')  is  given  by: 
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FIGURE  6  Fligh  resolution  transmission  electron  photomicrograph  illustrating  the  boundary 
region  between  adjacent  crystalline  grains  in  a  BaTi03  ceramic  post-treated  at  900°C  for  30  min 
in  air. 


FIGURE  7  Brick-wall  model  for  a  diphasic  microstructure,  where  isolated  primary  and 
continuously  connected  boundary  phases  are  characterized  by  different  values  of  their  dielectric 
constants,  K\  and  K2,  respectively. 


K'  ~  K\  ^  K'2 


(1) 


where  V/  is  the  volume  fraction  for  phase  i  and  g  is  a  geometric  factor,  g  is 
equal  to  the  fraction  of  the  boundary  phase  that  can  be  expected  to  interrupt 
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electric  flux  passage,  which  is  determined  by  the  grain  geometry.  A  value  of 
g  =  2/6  represents  the  condition  of  K\  cube-shaped  grains  in 

Figure  7.  For  spherical  grains  g  ^  1.  For  diphasic  dielectrics  in  the  BaTiOs- 
NaNb03  system,  Payne  and  Cross  determined  a  value  of  g  =  0.8  This 

value  is  more  realistic,  considering  the  truncated  polyhedral  shape  taken  by 
grains  in  any  real  ceramic  micro  structure. 

With  regard  to  the  single-phase  BaTiOs  ceramics  of  this  study,  grain 
interiors  are  proposed  to  undergo  the  normal  ferroelectric  transformation, 
even  for  grain  sizes  below  100  nm.  While  the  high-.^i  isolated  phase 
undergoes  a  ferroelectric  transformation,  the  series-connected  low-J^2  grain¬ 
boundary  region  serves  to  dilute  the  overall  K'  at  all  temperatures.  Curie- 
Weiss  behavior  is  changed  in  the  following  manner.  Since, 


then 


K 


T-e 

c 


,  gV2 


for  T>  Tc 


(3) 


where  C  is  the  bulk  Curie  constant,  6  is  the  extrapolated  Curie-Weiss 
temperature,  and  K'j  is  taken  to  be  independent  of  temperature.  The  volume 
fractions  for  the  two  phases  in  the  cubic  brick-wall  model  for  grain  cores  of 
width  di,  and  boundaries  of  width  dj,  are  given  by: 


vi  = 


-3 


V2  = 


and  Eq.  (3)  can  be  rewritten  as: 


F 


T-e 

c 


-3 


K’ 


2  L 


(4) 

(5) 


(6) 


By  using  the  Curie-Weiss  data  for  the  larger  grain  size  (1.7  pm)  material,  6 
was  determined  by  extrapolation  to  the  temperature  axis.  Thus,  by 
extrapolating  the  lines  of  vs.  Temperature  to  9,  values  were  interpreted 
on  the  intercept  for  the  impedance  factor,  -0,  for  the  finer  grain-sized 
materials  (Fig.  5): 


348 


M.  H.  FREY  et  al. 


0) 


That  is,  at  r  =  ^  for  the  ultrafine-grain-sized  materials  (and  as  the  Curie- 
Weiss  (Eq.  (2))  and  series  dielectric-mixing  rules  (Eq.  (3))  indicate),  non-zero 
values  of  1  /K'  are  derived  only  for  the  boundary  regions  (V2).  Thus,  the 
characteristics  of  these  regions  can  be  determined  from  the  extrapolated 
data  at  this  particular  temperature.  These  analyses  were  carried  out  for  the 
Curie- Weiss  plots  in  Figure  5  (^=110°C),  and  the  intercept  values  for  t/; 
are  indicated.  Larger-grain  size  specimens,  e.g.,  20 pm  {Tc=l23°C  and 
0^  1 13°C)  were  judged  to  be  inappropriate  for  the  determination  of  1/^,  since 
the  temperature  characteristics  were  shifted  upward  by  3°C  with  respect  to 
the  finer-grain  specimens.  This  was  attributed  to  stress  relaxation  in 
multidomain  microstructures. 

To  demonstrate  the  applicability  of  the  series  dielectric-mixing  model  to 
the  actual  data,  hypothetical  values  for  ip  were  calculated  using  Eq.  (7),  and 
compared  with  the  experimental  data.  The  results  are  given  in  Figure  8.  The 
experimental  results  are  clearly  consistent  in  form  with  the  series  model.  In 


FIGURE  8  Experimentally  determined  boundary  impedence  factor,  ip,  as  a  function  of  grain 
size,  compared  with  predicted  values  from  the  brick-wall  model,  using  the  values  cited  for  K2, 
d2  and  g. 
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light  of  the  previous  discussion  for  g  =  0.8  for  polycrystalline  dielectrics, 
values  o(  d2  =  S  A,  g  ^  0.8,  and  -^2  ^  100,  130,  and  160  were  used  in  Fig¬ 
ure  8^^"^’  These  reasonable  values  for  ^2?  S  give  good  fit  to  the 
experimental  data.  Independent  confirmation  of  the  values  used  for  d2  and 
K'2  would  be  difficult,  if  not  impossible,  but  the  ratio  is  important.  Although 
the  nature  of  the  continuous  low-J^2  phase  is  not  known  in  terms  of  its  exact 
thickness  and  dielectric  constant,  we  conclude  that  the  supression  of  K’  for 
ultrafine  grain  BaTi03  clearly  results  from  a  series  dielectric-mixing  effect, 
especially  when  the  interfacial  surface  area  to  volume  ratio  starts  to  become 
significant  in  sub-micron  grain  structures. 

Figure  9  further  demonstrates  the  strong  correlation  between  measured 
characteristics  and  the  series-mixing  model,  now  below  Tc.  The  dependence 
of  measured  values  for  K'  at  a  single  temperature  (e.g.,  70°C)  on  submicron 
grain  size  is  now  considered.  To  avoid  the  complicating  effects  of  phase 
transformations  (and  following  other  treatments  measured  values  of  ^'at 
70°  C  for  grain  sizes  below  1  pm  were  used,  along  with  the  best-fit  value  for 
K2  from  Figure  8.  Eqs.  (1),  (4)  and  (5)  allow  the  calculation  of  K[,  the 
dielectric  constant  for  the  grain  interiors,  for  different  grain  sizes.  A  single 


FIGURE  9  Effect  of  grain  size  on  dielectric  constant  measured  at  70°C  for  ceramics  prepared 
in  the  present  study,  together  with  the  behavior  predicted  using  the  series-mixing  model  for 
microstructures  with  a  constant  value  of  K[  =  4800. 
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value  of  K\  =  4800  correlates  closely  with  the  grain-size  dependence  of  K' 
for  BaTiOs  of  grain  size  less  than  0.5  pm,  which  are  likely  to  be  comprised  of 
substantially  single-domain  and  stressed  grains  Thus,  we  again  conclude 
that  the  series-mixing  model  is  appropriate  for  the  description  of  the 
dielectric  properties  of  ultrafine-grain  BaTiOs.  The  constant  value  of 
K\  =  4800  at  70°C  is  reasonable  in  light  of  the  enhanced  dielectric  constant 
which  has  been  so  often  measured  for  fine-grain  BaTiOs-  In  Figure  9,  the 
effects  of  competing  influences  on  K'  can  be  seen.  With  decreasing  gram 
size,  unrelieved  transformation  stress  first  enhances  K',  followed  by  an 
increased  dilution  effect  from  the  boundary  regions.  At  larger  grain  sizes 
(e.g.,  >  0.5  pm)  stress  relaxation  by  domain  formation  leads  to  a  progressive 
decrease  in 

Due  to  its  low  density  (p:i90%th  by  SEM)  and  different  preparation 
method,  data  for  the  specimen  with  an  average  grain  size  of  40  nm  were  not 
included  in  Figures  3  and  5.  It  is  important  to  note  that  the  40  nm  material 
did  indeed  exhibit  Curie-Weiss  characteristics  (C=  1.7x1  O^K)  similar  to 
the  previously  reported  microstructures.  The  data  were  not  included  in 
Figures  3  and  5  because  the  substantial  porosity  content  resulted  in  an 
additional  dilution  of  values  (e.g.,  K'  =  970,  tan  ^  =  0.05  at  70°C);  but 
Curie-Weiss  characteristics  for  BaTiOs  ceramics  with  a  grain  size  as  small 
as  40  nm  is  a  significant  finding  This  demonstrates  that  ferroelectricity 
can  be  expected  at  such  a  fine  size,  given  the  appropriate  boundary 
conditions. 

Finally,  Figure  10  gives  P-E  data  determined  for  BaTiOs  ceramics  of  grain 
sizes  below  1pm.  Polarization-reversal  characteristics  were  observed  for 
BaTi03  ceramics  with  grain  sizes  as  fine  as  40  nm.  With  decreasing  grain  size 
below  1  pm,  the  measured  remanent  polarization  {P,)  decreased  continu¬ 
ously.  This  decrease  in  Pr,  with  grain  size  reduction,  coincided  with  the 
development  of  clamped  boundary  conditions  for  individual  grains,  due  to 
the  absence  of  stress  release  by  twin  formation.  This  conclusion  is  based  in 
part  upon  a  microstructure  investigation  reported  previously  Measured 
values  for  the  coercive  field  {Ec)  did  not  increase  with  grain  size  reduction,  in 
contrast  to  the  behavior  reported  for  sputter-deposited  BaTi03  thin 
layers  The  direct  measurement  of  ferroelectricity  for  ceramics  of  such 
a  small  grain  size  contrasts  with  measurements  reported  previously  for 
chemically  prepared  thin  layers  with  grain  sizes  up  to  50  nm^  I  For 
alkoxide-derived  thin  layers,  no  hysteresis  behavior  was  reported.  Thus,  we 
conclude  that  while  a  reduced  value  of  measurable  remanent  polarization 
does  characterize  BaTi03  ceramics  with  a  grain  size  well  below  1  pm,  the 
complete  suppression  of  ferroelectricity  in  integrated  thin-layers  of  similar 
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FIGURE  10  Polarization-reversal  characteristics  for  ultrafine-grain  BaTiOa  ceramics. 


grain  size  is  not  an  eflfect  of  grain  size  alone.  Other  factors,  including 
shrinkage  stresses  on  rigid  substrates,  and  external  electrode  interfaces,  must 
be  considered  to  explain  the  absence  of  polarization  reversal  in  chemically 
prepared  thin  layers.  For  example,  in-plane  stress  has  been  shown  to 
influence  the  ferroelectric  properties  of  BaTi03  thin  layers 


CONCLUSIONS 

A  number  of  original  findings  were  reported  in  this  work.  Curie- Weiss 
characteristics  were  observed  for  ultrafine-grain  BaTi03  ceramics.  A  series 
dilution  effect,  which  became  pronouced  with  decreasing  grain  size,  was 
explained  by  consideration  of  an  increasing  contribution  from  interfacial 
grain  boundary  regions.  Specifically,  for  decreasing  grain  size  below  1.7  pm, 
the  decreasing  values  observed  for  K'  above  Tc  (unlike  Ref.  [6])  were 
explained  in  terms  of  series  mixing  of  a  low-Af'(^2  ~  1^0)  boundary  region 
which  separated  transforming  grain  cores.  Below  values  of  K'  in  the 
temperature  range  of  stability  for  the  ferroelectric  tetragonal  phase,  and 
for  grain  sizes  ranging  from  70  nm  to  0.5  pm,  were  also  well-described  by 
the  series-mixing  model.  At  70°C,  a  constant  value  of  K\  —  4800 
was  determined  for  grain  cores.  Ferroelectricity,  in  terms  of  Curie-Weiss 
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characteristics  and  direct  P-E  measurements,  was  observed  for  BaTiOa 
ceramics  with  decreasing  grain  size  to  40  nm.  The  results  are  different  from 
the  structural  characteristics  reported  by  others  for  fine  “pseudocubic” 
BaTiOs  particles;  and  the  dielectric  properties  for  chemically  prepared  thin 
layers.  A  high  value  of  >  2000  was  determined  for  bulk  ceramic  BaTiOs 
in  this  work  with  a  grain  size  below  100  nm.  This  value  exceeds  those 
previously  reported  for  thin  layers  of  a  similar  grain  size.  Thus,  concerning 
the  anomalous  properties  reported  for  integrated  thin-layers,  grain  size 
alone  should  not  be  considered  for  the  suppression  of  ferroelectricity  and 
the  low  values  of  dielectric  constant.  Other  effects,  such  as  stress  and 
interfacial  electrode  effects,  should  be  considered  for  integrated  devices.  The 
important  effect  of  an  increasing  contribution  from  grain  boundaries  in 
nanocrystalline  ceramic  micro  structures  is  the  main  reason  for  the  effective 
dilution  in  dielectric  constant.  The  grain  cores  were  ferroelectric  based  upon 
the  K'  -  T  transformational  characteristics,  Curie-Weiss  behavior  and  P-E 
hysteresis  measurements. 
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A  conflict  exists  in  ultrasonic  measurements  between  the  resolution  which  requires  higher 
frequency,  and  the  penetration  depth  which  requires  long  wavelength.  Traditional  pulse-echo 
method  for  elastic  property  measurements  fails  when  the  sample  becomes  too  thin  to  allow  the 
separation  of  repeated  echoes.  A  data  processing  technique  is  described  here  which  may  provide 
a  solution  to  this  conflict.  Elastic  properties  were  successfully  measured  in  samples  as  thin  as 
5%  of  the  wavelength  A. 

Keywords:  Ultrasonic;  thin  layers;  sub-wavelength;  high  resolution;  penetration  depth 


INTRODUCTION 

One  of  the  most  powerful  techniques  for  elastic  property  characterization  is 
ultrasonic  method.  The  pulse-echo  technique  has  been  well  developed 
and  widely  used  in  characterizing  solid  materials.  Sound  velocity,  which 
directly  reflect  the  elastic  property,  can  be  measured  through  the  time  delay 
between  consecutive  echoes.  Ultrasound  is  also  a  major  tool  in  medical 
diagnosis  in  which  the  elastic  properties  are  known  and  the  pulse-echo 
pattern  is  used  to  form  the  imaging  of  an  object  inside  a  body.  Because 
pulse-echo  technique  is  to  send  a  tone-burst  ultrasonic  signal  into  the 
structure  and  measure  the  time  lagging  between  consecutive  echoes,  its 
resolution  is  limited  by  the  pulse-width.  Using  a  good  broadband  short 
ringdown  transducer,  one  can  achieve  an  axial  resolution  of  1 -2A,  where  A 
is  the  wavelength.  Both  transmission  and  reflection  mode  operations  in 
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ultrasonic  measurements  will  produce  similar  echo  patterns  but  different 
amplitudes  depending  on  the  acoustic  impedance  matching  between  the 
medium  and  the  sample.  A  pair  of  parallel  surfaces  of  the  sample  will  serve 
as  the  reflection  planes  so  that  a  series  of  echoes  will  be  generated  as  shown 
in  Figure  1.  The  time  delay  between  the  adjacent  echoes  is  the  time  for  an 
acoustic  pulse  to  go  through  the  sample  one  round  trip. 

It  is  hard  to  achieve  sub-wavelength  resolution  as  one  can  imagine  from 
Figure  1.  The  pulse  separation  reflects  the  sample  thickness.  If  the  sample  is 
too  thin,  these  consecutive  echoes  will  overlap  to  produce  a  global  profile.  As 
demonstrated  in  Figure  2,  when  the  delay  time  of  two  consecutive  echoes  is 
less  than  the  ringdown  time  of  the  transducer,  they  cannot  be  distinguished. 
The  overlapping  problem  becomes  worse  for  materials  with  low  attenuation 
because  the  third  echo,  the  fourth  echo,  and  so  on,  will  all  contribute  to  the 
measured  echo  profile,  making  the  measurement  impossible. 

Although  the  resolution  of  ultrasonic  technique  can  be  increased  through 
increasing  operating  frequency,  the  attenuation  increases  even  faster  with 
frequency.  Generally  speaking,  the  attenuation  is  proportional  to  /^,  with 
l</3<2  for  ordinary  materials  and  (3  >  2  for  lossy  materials.  In  other 
words,  higher  frequency  ultrasonic  waves  would  have  much  shallower 
penetration  depth,  which  makes  the  detection  of  bonding  layer  or  any 
imbedded  thin  object  almost  impossible  using  ultrasonic  technique,  because 
low  frequency  waves  do  not  see  it  while  high  frequency  signals  cannot 
penetrate  the  structure. 


20  25  30  35  40 

Time(^  s) 

FIGURE  1  The  echoes  caused  by  the  repeated  reflections  inside  the  sample.  The  signal  is 
obtained  from  a  through  mode  operation  using  a  2  MHz  center  frequency  broadband  trans¬ 
ducer. 
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FIGURE  2  Echo  overlapping  in  a  thin  sample,  (a)  The  two  consecutive  echoes  if  not  interfere 
with  each  other,  (b)  The  actually  observed  overlapped  signal. 


The  challenge  is  how  to  achieve  high  resolution  and  deep  penetration  at 
the  same  time.  Obviously,  the  only  way  to  address  this  problem  is  to  use  low 
frequency  signal  and  achieve  sub-wavelength  resolution.  A  method  is 
described  in  this  paper  which  can  be  used  to  measure  samples  as  thin  as  5% 
of  A. 


DATA  PROCESSING  SCHEME 


For  a  thin  sample,  the  received  signal  from  transmission  ultrasonic 
measurement  will  be  a  mixture  of  consecutive  transmitted  signals  due  to 
the  multiple  reflections  within  the  sample.  If  we  do  not  consider  the 
attenuation  of  the  sample,  the  received  signal,  x{r,  t),  can  be  written  in  terms 
of  the  input  signal  function  s{r,  t)  in  the  following  form: 


x{r,  t)  =  Tiy  Tn  f^Rji  s(t- 

i=0  V 


{2i  +  1  )l\ 
Vs  ) 


(1) 


where  T2\  and  are  the  transmission  coefficients  from  the  medium  to  the 
sample  and  from  the  sample  to  the  medium,  respectively,  i?2i  is  the  reflection 
coefficient  from  sample  to  the  medium,  /  is  the  thickness  of  the  sample, 
and  Vs  are  the  sound  velocities  of  the  medium  and  the  sample,  respectively. 

Although  the  multi-reflections  within  the  sample  are  not  desired  in  the 
traditional  ultrasonic  measurement,  such  multi-reflections  do  actually  carry 
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strong  signature  of  the  sample.  One  can  obtain  the  desired  information 
using  more  elaborate  signal  processing  schemes. 

A  simple  and  direct  way  to  abstract  the  time  of  flight  inside  the  sample  is 
to  find  the  response  function,  h{t),  so  that  the  transmitted  singal  x(if) 
becomes  the  convolution  of  the  input  singal  5(0  and  h{t), 

/oo 

h{T)s{t-T)dT  (2) 

■oo 

For  simplicity,  we  have  shifted  the  time  reference  and  set  the  space  variable 
to  be  zero  at  the  exit  surface  of  the  sample. 

For  an  ideal  case,  the  response  function  of  the  sample  is  simply  a  series  of 
^-functions: 

00 

h(t)  =  Y^A>6{t-At),  (3) 

;  =  0 

where 

A  =  TnTuRn, 

In  principle,  if  one  can  derive  the  response  function  h(t)  from  the 
measured  signals,  the  round  trip  time  At  for  wave  to  travel  inside  the  sample 
can  be  easily  obtained  from  the  peak  separation  of  the  (5-function  series. 
Unfortunately,  there  is  no  easy  way  to  get  “clean”  data  in  practical 
measurements.  All  the  signals  are  convoluted  by  instrumental  response 
functions  and  being  added  to  certain  level  of  noises,  both  acoustically  and 
electronically. 

In  transmission  mode  operation,  the  input  signal  s(t}  and  the  transmitted 
signal  x(t)  can  be  obtained  by  removing  and  placing  the  sample  in  the 
acoustic  pathway,  respectively.  The  experiementally  observed  signals 
(quantities  with  an  over-bar)  are  not  clean  and  may  be  written  in  the 
following  forms: 

a)  Observed  input  signal: 

s{t)  =  conv[g(/),5(r)] +  «5(r)  (5) 

b)  Observed  transmitted  signal: 


x{t)  =  conv[g(0,conv[/z(0,-s(0]]  +«x(0 


(6) 
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where  g{t)  is  the  response  function  of  the  experimental  set-up,  and 
rixit)  represent  the  noises  that  are  being  added  to  the  true  signals. 

In  order  to  develop  a  universal  method,  we  like  to  avoid  the  task  of 
having  to  characterize  each  instrument  for  its  response  function  g{t).  This 
can  be  done  by  defining  a  new  function  k(t)  to  be  the  modified  signal  input, 

fc(()  =  conv[g(;),i(0],  (7) 

and  utilizing  the  property  of  convolution  integral: 

conv[g(/),conv[/z(0,5(01]  =  conv[h{t),conw  [g{t),s{t)]]  (8) 

Hence,  the  input  and  transmitted  signals  become 

s{t)  =  k(t)  +  n,(t)  (9) 

x{t)  =  conv[h{t),k{t)]+ny:(t)  (10) 

The  response  function  can  be  formally  written  in  the  frequency  domain  as 

H{f) = m 9^(/)  (11) 

where  0(/)  is  a  Weiner  optimal  filtering  factor  which  can  be  written  in 

terms  of  the  power  spectra  of  x{t)  and  nx{t). 

In  order  to  derive  the  power  spectrum  of  the  noise  rixit),  we  can  perform 
multiple  sampling,  i.e.,  taking  the  average  of  rui  times  measurements  of  the 
transmitted  signal  and  then  taking  another  average  of  m2  times 

measurements  ( x{t)  with  m2>mi.  It  can  be  shown  that  the  noise  power 
spectrum  may  be  replaced  by  these  averages  and  the  Weiner  optimal  filtering 
factor  (^(/)  can  be  written  as  the  following 

m  =  (12) 

{mi  -  m2)\X{f)\ 

From  Eqs.  (11)  and  (12),  the  spectrum  of  the  sample  response  function  h{t) 
is  given  by 


H{f) 


(13) 


Then  the  response  function  of  the  specimen,  h{t),  can  be  obtained  from 
H(f)  using  inverse  Fourier  Transform.  We  have  implemented  the  FFT 
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algorithm  in  the  data  processing  program  so  that  the  analysis  is  almost  real 
time. 


RESULTS 

This  signal  processing  scheme  described  above  has  been  applied  to  a  set  of 
brass  shims  purchased  from  Precision  Brand,  Downers  Grove,  Illinois.  The 
thickness  of  the  shims  ranges  from  0.004" -0.025".  Figures  3  and  4  show  the 
measurement  results  on  a  0.004"  and  a  0.008"  thick  brass  shims,  respectively. 
Figures  3(a)  and  4(a)  are  the  input  and  transmitted  signals,  which  were 


500  1000  1500  2000  2500 

Time  (ns) 


FIGURE  3  (a)  The  input  signal  to  the  sample  and  the  received  signal  after  the  pulse  went 
through  the  sample  and  (b)  The  response  function  derived  from  (a).  The  sample  thickness  is 
0.004". 
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Time  (ns) 

FIGURE  4  (a)  The  input  signal  to  the  sample  and  the  received  signal  after  the  pulse  went 
through  the  sample  and  (b)  The  response  function  derived  from  (a).  The  sample  thickness  is 
0.008". 

observed  independently.  The  time  shift  between  the  input  and  the 
transmitted  signals  cannot  be  measured  directly  because  the  time  difference 
is  too  small.  Figures  3(b)  and  4(b)  are  the  calculated  corresponding  response 
functions  for  the  two  cases.  The  separation  between  the  peaks  of  the  response 
function  is  the  time  lagging  between  consecutive  reflections  inside  the  sample. 

The  sound  velocity  calculated  using  time  difference  between  the  peaks  of 
the  response  function  is  given  in  Table  I.  One  can  see  that  the  measurements 
are  very  consistent  and  accurate.  The  average  sound  velocity  is  4480.4  m/s 
which  gives  a  value  for  the  elastic  constant  Cu  =  17.0x10^^  N/m^.  No 
obvious  change  of  the  elastic  property  with  size  was  observed  in  this 
thickness  range  as  shown  in  Table  I. 
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TABLE  I  Longitudinal 
Zinc;  /)  =  8.4697  g/cm^) 


Sample  Thickness  (inch) 

0.004" 

0.005" 

0.006" 

0.008" 

0.015" 

0.025" 


velocity  and  elastic  constant  cu  for  brass  shims.  (70%  Brass,  30% 


Longitudinal  Velocity  (mjs)  Cii(10'^A/M^) 


4431.8 

16.635 

4519.6 

17.301 

4456.1 

16.818 

4490.6 

17.080 

4526.7 

17.355 

4457.7 

16.830 

During  measurements,  the  number  of  observations  used  for  noise 
spectrum  calculation  are:  mi  =  5  and  m2  =10.  Minor  changes  were  found 
when  the  averages  were  taken  at  different  mi  and  m2  number  of  observations 
but  is  well  within  the  experimental  error.  Using  the  center  frequency  of  the 
transducer  as  a  measure,  the  0.004^^  thick  sample  is  less  than  5  /o  of  the 
wavelength  A  =  2.24  mm. 

As  shown  in  Figures  3  and  4  the  response  function  is  far  from  a  (^-function 
series,  however,  one  can  clearly  distinguish  the  peak  positions.  It  is  found 
that  the  response  function  becomes  less  sensitive  as  the  thickness  decreases. 
The  peaks  of  the  response  function  are  sharper  in  the  case  of  the  0.008"  thick 
sample  than  in  that  of  the  0.004"  thick  sample  as  shown  in  Figures  3  and  4. 
Using  the  2  MHz  transducer,  the  method  reaches  its  limit  at  0.003".  All  the 
peaks  got  smeared  out  when  the  sample  becomes  thinner  than  0.002". 


SUMMARY  AND  CONCLUSIONS 

A  data  processing  scheme  is  introduced  here  to  extend  the  resolution  of  the 
ultrasonic  pulse-echo  method.  Using  the  filtered  response  function  and  a  2 
MHz  broadband  transducer,  the  sound  velocity  was  measured  for  a  set  of 
brass  samples  and  the  thinnest  sample  is  less  than  5%  A  of  the  center  fre¬ 
quency.  This  result  is  very  encouraging  since  the  sub-wavelength  resolution  is 
the  only  way  to  resolve  the  intrinsic  conflict  of  high  resolution  and  deep 
penetration  in  ultrasonic  technology.  This  technique  may  be  used  to  study  the 
bonding  layer  in  composite  structures  and  interfaces.  Further  extension  of  the 
method  to  higher  frequencies  and  multi-layer  structure  is  under  investigation. 
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A  status  report  is  given  on  the  physical  limitations  imposed  by  both  thickness  and  cross- 
sectional  area  in  ferroelectric  thin  films  in  real  devices,  particularly  random-access  computer 
memories  (RAMs). 

Keywords:  Ferroelectric  miniaturization;  polarization;  thin  films 


1.  INTRODUCTION 

There  are  two  kinds  of  thermal  stability  to  worry  about  in  ferroelectrics:  The 
first  is  the  stability  of  the  net  polarization  with  regard  to  depolarization 
fields  at  the  surfaces.  This  kind  of  stability  or  instability  has  worried 
scientists  for  many  years  and  was  a  source  of  concern  in  the  effort  to 
commercialize  ferroelectric  thin  films  (in  thin  films  surface  effects  are  of 
course  greater  than  in  bulk  and  may  dominate  electrical  behaviour).  The 
second  kind  of  thermal  instability  is  actual  electrical  breakdown  (shorting) 
in  applied  fields.  These  two  kinds  of  thermal  instability  are  unrelated  and 
will  be  dealt  with  separately  below. 

2.  LIMITS  IMPOSED  BY  THICKNESS  -  THERMAL 
STABILITY  OF  FERROELECTRICITY 

2.1.  Depolarization  Instabilities 

Much  of  the  early  work  on  depolarization  instabilities  in  ferroelectric  thin 
films  was  done  at  IBM.  Indeed  it  is  not  an  exaggeration  to  say  that  some  of 
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this  work  sounded  the  death  knell  for  the  1955— 1972  IBM  program  to  make 
ferroelectric  thin-film  memories.  The  work  has  application  to  the  more  general 
issue  of  finite-size  effects  in  ferroelectrics,  including  depolarization  effects  in 
very  small  (submicron)  particles,  as  well  as  films.  But  in  the  particular  case  of 
ferroelectric  thin  films  Batra  and  Silverman  were  specific  enough  to  make  a 
numerical  calculation:  In  triglycine  sulfate  (a  typical  ferroelectric)  films 
thinner  than  400  nm  on  semiconductor  substrates  cannot  be  ferroelectric! 
They  are  unstable  against  depolarization  fields.  The  history  of  theoretical 
work  in  this  sub-discipline  is  interesting.  Based  on  the  analogous  work  in  thin- 
film  magnets  by  Mills  and  in  particular  the  mean-field  formulation  by 
Lubensky  and  Rubin  Tilley  and  Zeks  developed  a  very  detailed  theory 
culminating  with  recent  numerical  calculation  that  includes  Thomas-Fermi 
screening  in  the  metal  electrode  carefully.  The  key  equation  in  this  work  is 
given  below  in  Eq.  (1).  The  critical  term  is  dPIdz,  the  dependence  of 
polarization  upon  depth  in  the  film.  This  equation  is  solved  via  integration  by 
parts  to  yield  an  Euler-Lagrange  equation  which,  with  suitable  boundary 
conditions,  generates  P(z)  and  transition  temperatures  versus  film  thickness. 

Note  that  a  qualitative  feature  of  the  theory  is  the  result  that  the 
difference  in  film  and  bulk  Curie  temperatures  is  proportional  to  reciprocal 
film  thickness  Ijd. 

F/A  =/  J {fldP/dzf  +  {\  +  i]P'^-  2P*  +  P^}dz  +  [/?  V(2'5)](f  +  +  ^-) 

(1) 

where  FjA  is  the  free  energy  per  unit  surface  area  of  the  film;  P,  a 
polarization  scaled  to  the  bulk  polarization;  t,  reduced  temperature 
[T-  the  correlation  length  in  bulk;  and  /,  a  free  energy 

scale.  P±  is  the  surface  charge  at  top  and  bottom  of  the  film  (assumed  to  be  a 
delta-function).  The  term  d  can  be  positive  or  negative  and  characterizes  the 
material.  There  are  no  microscopic  theories  for  the  sign  or  magnitude  of  8', 
it  is  an  empirical,  phenomenological  parameter  of  the  theory. 

Tilley  calculates  a  minimum  ferroelectric  film  thickness  of  90  nm  for 
typical  “strong”  ferroelectric  (with  Curie  constant  C  such  as  that  in  barium 
titanate).  And  even  more  recent  work  by  S.  Li  et  al.  at  Argonne  lowers  the 
minimum  thickness  further  to  ca.  50  nm  by  incorporating  anisotropy  in  the 
theory  and  considering  the  first-order  characteristics  of  Eq.  (1)  carefully. 
Thus,  over  the  past  25  years  the  theoretical  value  for  minimum  ferroelectric 
film  thickness  has  decreased  an  order  of  magnitude.  Unfortunately  for  the 
theoreticians,  the  experimental  value  has  dropped  even  more  rapidly!  The 
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first  submicron  ferroelectric  thin  films  were  probably  made  by  Mike  Sayer 
(approximately  300  nm  of  lead  zirconate  titanate  in  1984).  But  by  1986  one 
could  do  100  nm  with  relative  ease.  In  1992  both  Symetrix  and  McDonnell- 
Douglas  achieved  25  nm  in  PZT  via  solgel  spin-on  deposition.  And  in  1995 
Fridkin’s  group  in  Moscow  achieved  15  nm  in  PVF2  via  Langmuir-Blodgett 
techniques,  with  full  ferroelectric  switching  demonstrated  in  each  case. 

The  result  is  that  as  of  this  writing  no  one  knows  how  thin  a  ferroelectric 
film  can  be  made  and  still  have  switchable,  apparently  stable  polarization. 
Perhaps  5  nm?  Most  recently  J.  Karasawa  et  ah  [In teg.  Ferroelec.,  1997] 
find  6  nm  in  PbTiOs  spectroscopically.  Similar  uncertainty  affects  esti¬ 
mates  for  ferroelectricity  in  small  spherical  particles.  In  that  case  there  is  a 
further  issue  of  strain  (“surface  tension”)  and  density,  neither  of  which  is 
truly  independent  of  particle  size  and  both  of  which  complicate  inferences. 
Most  recently  T.  Yamamoto  [Integ.  Ferroelec.,  1997]  calculates  2.5  nm  in 
PZT. 

A  related  problem  is  the  stability  of  individual  domains.  Suppose  a  theory 
tells  us  that  ferroelectrics  are  unstable  at  thicknesses  less  than,  say,  50  nm. 
What  does  that  mean?  The  thermodynamic  ground  state  of  a  bulk 
ferroelectric  is  a  single  domain  with  no  walls.  If  a  theory  says  that  this  is 
unstable  at  thicknesses  less  than  50  nm,  what  then  is  stable?  A  paraelectric 
state?  Or  a  state  with  many  very  small  domains?  And  does  stable  mean  on  a 
time-scale  of  10^  years  or  10~^  seconds?  (Quartz  is  not  a  thermodynamically 
stable  form  of  silicon  dioxide,  but  it  lasts  a  very  long  time).  Progress  in 
addressing  this  issue  has  been  made  by  Roytburd  in  a  series  of  papers 
spanning  two  decades,  who  showed  that  the  stable  domain  size  gets  smaller 
as  film  thickness  in  ferroelectrics  decreases,  and  by  Erbil’s  group  at  Georgia 
Tech,  who  did  detailed  numerical  calculations  based  upon  surface  strain. 
Rather  pretty  data  on  domain  size  versus  grain  size  in  PZT  ceramics  were 
published  by  Huffman  et  ah  They  found  that  grains  of  diameter  0.6  to  1.6 
microns  had  domains  0.05-0.09  microns  long  by  0.02-0.07  microns  wide, 
whereas  grains  between  0.2  and  0.6  microns  in  size  have  much  smaller 
domains,  typically  0.035  x  0.015  microns  (35  x  15  nm).  This  experimental 
dependence  of  domain  size  upon  grain  size  is  somewhat  faster  than  the 
square-root  dependence  expected  from  theoretical  work  but  in  qualitative 
agreement.  Since  ferroelectric  memory  switching  speed  is  apt  to  depend 
significantly  on  domain  size,  this  indicates  that  very  fine-grained  ceramic 
films  will  probably  make  superior  devices  in  comparison  with  large-grain 
ceramics.  Readers’  attention  is  also  drawn  to  the  recent  work  of  Tagantsev 
et  ah  who  relate  depolarization  effects  (and  hence  film  thickness)  to 
fatigue  and  show  that  they  may  have  a  different  sign  than  effects  due  to 
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charge  depletion  near  ferroelectric  interfaces  or  surfaces;  see  also  Yoo  and 
Desu  We  note  that  theories  of  magnetic  domains  cannot  be  borrowed  for 
ferroelectrics;  domain  walls  in  magnets  are  very  wide,  whereas  those  in 
ferroelectrics  can  be  as  short  as  a  few  atoms. 

Besides  being  of  general  interest  from  the  point  of  view  of  overall 
ferroelectric  stability,  the  theory  of  Tilley  and  of  Tilley  and  Zeks  is  useful  in 
that  it  displays  explicitly  the  non-uniform  electrical  polarization  P{z)  as  a 
function  of  distance  z  into  the  film.  In  simple  textbook  theories  P  is 
independent  of  z;  but  no  realistic  theory  supports  that.  The  dependence  of 
P{z)  can  be  complicated  and  P{T)  for  ferroelectrics  whose  phase  transitions 
are  first-order  (almost  all  real  ferroelectric  crystals);  in  this  case,  as  shown  by 
Duiker,  Scott  et  al.  decreasing  film  thickness  (at  a  constant  temperature, 
such  as  room  temperature)  can  produce  a  situation  in  which  the  surface 
orders  but  the  interior  of  the  film  does  not;  this  requires  a  threshold  for  a 
parameter  in  the  theory. 


2.2.  Thermal  Breakdown 

Dielectric  breakdown  in  ferroelectric  thin  films  is  in  general  not  very 
different  from  melting  in  metals  (impulse  or  dc  thermal)  or  spark  discharge 
in  gases  (avalanche).  Truly  electronic  breakdown  processes  typically  occur 
in  dielectrics  only  at  cryogenic  temperatures  and  in  materials  with  very  low 
electrical  conduction  (compared  to  thermal  conduction),  such  as  mica.  Thus 
a  description  of  breakdown  processes  in  oxide  ferroelectrics  will  be  similar 
to  that  given  for  a  wide  range  of  solids,  as  discussed  in  O’Dwyer’s  text.  The 
basic  equation  for  thermal  failure  is  given  below  in  Eq.  (2). 

C^dT/dt  -  V  •  {KV  T)  =  (tE\  (2) 

where  C  is  the  specific  heat;  T,  temperature;  t,  time;  K,  the  thermal 
conductivity;  cr,  the  electrical  conductivity;  and  Eb,  the  field  required  to 
initiate  breakdown. 

The  terms  “impulse  thermal”  and  “dc  thermal”  are  used  to  describe 
situations  in  which  the  second  term  or  the  first,  respectively,  can  be  ignored 
in  Eq.  (2).  For  the  case  of  exponential  electrical  conduction 

(t[T)  =  (7QQX^{-^/kT)  (3) 


(which  is  known  from  Scott,  Ross  et  al.  to  be  dominant  in  PZT  or  BST 
above  500  kV/cm)  this  yields  in  the  impulse  approximation  appropriate  to 
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fast  rise-times  of  applied  voltages,  an  exact  analytic  expression  for  break¬ 
down  field 


EB[iiC,K)/{ao^t,)f^Texp{^/2kT)  (4) 

where  k  is  Boltzmann’s  constant. 

For  known  ceramic  PZT  parameters  Eq.  (4)  yields  a  theoretical  maximum 
breakdown  field  of  8  MV/cm,  which  is  within  a  factor  of  two  agreement  with 
the  highest  experimental  numbers  reported  to  date  of  14  MV/cm. 

Dielectric  breakdown  in  ferroelectrics  is  not  purely  thermal;  electronic 
properties  of  both  the  dielectric  film  and  the  electrode  play  a  key  role  in 
quantitative  relationships.  In  this  sense  the  phenomenon  is  best  described  as 
avalanche  -  electrically  initiated,  followed  by  thermal  run-away.  A  rather 
good  qualitative  understanding  is  provided  by  Eq.  (5)  below 

eEsX  =  chi/  (5) 

Here  e  is  the  electron  charge;  A,  the  mean-free  path  of  electrons  injected 
from  the  cathode  into  the  ferroelectric;  c,  an  empirical  constant  of  order 
unity,  hi/  is  in  Von  Hippel’s  theory  a  quantized  but  unspecified  energy; 
Scott,  Azuma  et  al  have  identified  hi/  with  the  constant  potential  of  the 
ferroelectric-electrode  interface,  so  that  the  combined  Von  Hippel-Scott 
equation  can  be  rewritten  as 


eEsX  =  ($M  -  ^fe)  (6) 

where  ^m,fe  are  respectively  the  metal  and  ferroelectric  work  functions. 
For  PZT  and  BST  it  is  known  that  $fe  should  be  replaced  by  $fes 
where  the  prime  designates  a  n  impurity  level  (surface  donor  state).  (Note 
that  Eq.  (6)  must  be  modified  where  $  or  of  the  ferroelectric  is  greater 
than  that  of  the  metal  electrode). 

Dey  et  al  have  shown  that  doping  PLT/Pt  films  with  Ni,  Cr  or  Ti 
produces  ohmic  contacts,  whereas  Pt,  Au,  or  Ag  forms  Schottky  contacts; 
this  shows  the  role  of  traps  very  clearly  in  controlling  the  electrical 
properties  of  ferroelectric  thin  films  and  that  simple  band  diagrams  cannot 
explain  such  behaviour.  This  conclusion  was  also  emphasized  by  Scott 
see  Wouters  et  al  also 

Eq.  (6)  does  a  good  job  in  fitting  the  breakdown  field  data  of  PZT  on 
a  variety  of  metal  electrodes.  The  slope  is  given  by  the  mean-free  path 
(c  assumed  equal  to  unity),  which  is  about  0.1  nm  in  PZT  at  ambient 
temperatures  (varying  linearly  with  voltage  at  low  voltages  The 
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intercept  yields  a  trap  energy  about  0.85  eV  below  the  known  PZT  work 
function.  This  is  due  to  surface  traps  (donors)  and  is  discussed  by  Scott, 
Galt  et  al  Note  that  sub-monolayer  coverage  of  oxygen  on  the  Pt  [111] 
electrode  surface  significantly  increases  the  electrode  work  function.  This 
will  occur  in  PZT/Pt  or  BST/Pt  devices  as  deposited,  but  will  increase 
(worsen)  with  time  and  voltage  cycling  as  the  oxygen  vacancy  concentration 
near  the  cathode  increases. 

The  electronic-initiation  avalanche  model  predicts  a  large  variance  in 
the  breakdown  time  (but  not  the  breakdown  field);  this  is  confirmed 
experimentally. 

Earlier  attempts  to  verify  Eq.  (6)  on  iron  and  aluminum  electrodes  yielded 
very  good  results  for  breakdown  in  gases  but  very  bad  results  for 
breakdown  in  liquids 

It  is  important  in  making  such  tests  of  Eq.  (6)  that  rather  old  values  be 
used  for  the  metal  work  functions,  such  as  2.98  eV  for  Al  and  3.67  eV  for 
Ag.  More  modern  values  are  for  clean  surfaces  in  heated,  outgassed 
conditions;  but  that  does  not  correspond  to  actual  ferroelectric  memory 
deposition  conditions.  It  is  known  that  a  single  atomic  layer  of  oxygen 
on  a  Pt  [1 1 1]  surface  raises  its  work  function  by  0.3  eV.  This  not  only  affects 
the  testing  of  Eq.  (6)  greatly,  but  it  is  probably  a  primary  influence  in 
increasing  electrical  conductivity  in  fatigued  ferroelectric  films,  where 
repetitive  cycling  generates  oxygen  vacancies  near  the  cathode  and  oxygen 
ions  at  the  anode.  Oxide  electrodes,  including  high-temperature  super¬ 
conductor  oxides  and  ruthenium  or  iridium  oxide  on  BST  and  on  PZT 
greatly  ameliorate  this  process 

In  addition  to  the  dependence  upon  electrode  work  function,  thermal 
breakdown  in  ferroelectric  films  depends  upon  temperature  T,  capacitor 
area  A,  film  thickness  d,  and  ramp  rate  l/tc  in  important  ways.  These  are 
described  below. 

Thickness  dependence:  Various  models  of  breakdown  (d.c.  thermal,  im¬ 
pulse  thermal,  avalanche,  and  the  defect  theory  of  Gerson  and  Marshall 
that  involves  connected  voids)  have  quite  different  and  specific  predictions 
for  the  dependence  of  Esid).  Impulse  thermal  theory  is  rigorously 
independent  of  d.  The  slow  logarithmic  dependence  of  breakdown  field  on 
1 predicted  by  avalanche  theory  best  fits  the  PZT  data.  The  dependence  on 
capacitor  area  is  best  described  by  Gerson-Marshall  linked-defect  conduc¬ 
tion  path  theory  The  dependence  upon  ramp  rate  fits  impulse 
thermal  models.  In  summary,  no  simple  theory  describes  all  facets  of 
breakdown  in  PZT  (or  BST)  well.  The  best  model  is  probably  that  of 
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electronic  initiation  (avalanche)  followed  by  impulse  thermal  processes  that 
involve  grain  boundaries  or  other  connected  defects. 

It  is  important  that  dielectric  breakdown  in  ferroelectric  thin  films  occurs 
at  specific  current  density  thresholds  J  and  not  at  specific  voltage  or  field 
thresholds.  This  was  first  shown  in  strontium  titanate  and  BST  by  Waser 
and  Klee  with  a  rather  uniform  breakdown  resistivity  of  a  few  MS7-cm. 
This  implies  that  independent  of  the  exact  microscopic  conduction 
mechanism  (Schottky,  Poole-Frenkel,  Fowler-Nordheim,  ionic),  failure  will 
occur  at  a  value  of  J  that  produces  thermal  run-away,  i.e.,  the  onset  of 
impulse  thermal  breakdown.  This  observation  has  caused  a  great  deal  of 
research  on  understanding  and  minimizing  leakage  current  in  ferroelectric 
thin  film  devices.  In  addition  to  producing  dielectric  breakdown,  leakage 
current  produces  undesirable  heating.  In  a  DRAM  a  realistic  estimate  of 
maximum  tolerable  leakage  current  is  100  nA/cm^  across  a  100  nm-thick 
film  Understanding  how  to  achieve  this  with  different  ferroelectric  film 
materials  and  electrodes  is  important.  BST  is  a  simple  case:  The  leakage  is 
Schottky-dominated  up  to  about  400  kV/cm  but  by  varying  processing 
conditions  the  “knee”  in  the  J(V)  curve  can  be  pushed  out  from  1  V  to  3  V, 
above  which  Fowler-Nordheim  tunneling  becomes  significant.  This  was  first 
shown  by  Scott,  Azuma  et  al.  and  studied  is  greater  detail  as  a  function  of 
temperature  and  field  by  Waser  et  al.  In  PLT  Lee  et  al.  found  voltage 
regimes  very  similar  to  those  revealed  in  BST  by  Scott,  Azuma  et  al.  in  PLT 
Schottky  emission  is  dominant  between  2  and  7  V  (ca.  200  nm  thick),  with 
Fowler-Nordheim  dominant  above  16  V. 

Scott,  Azuma  et  al.  verified  both  the  temperature  dependence  and  voltage 
dependence  in  the  Schottky  regime: 

log(//r^)  =  const.  X  (7) 

below  7V  and  the  voltage  dependence  in  the  Fowler-Nordheim  regime 
above. 


log(//K^)  =  const.  X  F  ^  (8) 

It  is  more  difficult  to  discriminate  between  Schottky  and  Poole-Frenkel 
emission.  This  is  important  for  our  physical  understanding,  since  Poole- 
Frenkel  is  a  bulk  effect,  whereas  Schottky  tunneling  is  surface-limited;  but 
the  T-  and  F-dependences  are  the  same  for  the  two  processes,  which  differ 
by  a  factor  of  two  in  absolute  magnitude.  Li  and  Lu  were  able  to  show  in 
barium  titanate  films  that  either  process  can  dominate,  depending  upon 
whether  surface  trap  density  exceeded  a  certain  threshold  value.  In  our  cases 
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of  interest  we  are  able  to  show  that  Schottky  emission  dominates,  not  Poole- 
Frenkel,  by  the  asymmetry  of  conduction  through  top  and  bottom 
electrodes  of  different  material.  Such  studies  show  that  in  BST  and  PZT 
the  current  carriers  are  only  injected  electrons  (no  holes)  despite  the  fact  that 
bulk  BST  and  PZT  are  /?-type.  The  probable  band  structure  for  BST  or  PZT 
on  Pt  electrodes  is  ;7-type  film  with  an  «-type  inversion  layer  at  the  electrode 
interface.  This  model  is  based  upon  the  macroscopic  analysis  in  Eq.  (6)  and 
the  microscopic  evidence  for  «-type  regions  of  oxygen  vacancy  concentra¬ 
tion  given  by  Scott,  Zuleeg  et  aL 

Although  electrons  injected  from  the  cathode  are  the  primary  charge 
carriers  in  BST  and  PZT,  holes  may  play  an  important  role  at  breakdown. 
There  are  strong  indications  of  “double  injection”  (hole  injection  from 
anode  and  simultaneous  electron  injection  from  cathode)  in  strontium 
bismuth  tantalate-niobate,  and  in  more  general  silicon-chip  failure 
mechanisms  (Groeseneken  et  al  ^^^^).  For  pure  barium  titanate  it  is  known 
that  double  injection  occurs  only  under  optical  illumination.  In  SBT  the 
possible  occurrence  of  double  injection  is  signaled  both  by  the  sharp 
transition  from  a  quadratic  to  cubic  J{V)  dependence  and  also  by  an 
apparent  negative  differential  resistivity  and  hysteretic  J{V)  behaviour.  The 
latter  is  probably  due  to  quasi-reversible  breakdown  at  grain  boundaries. 


3.  LIMITS  IMPOSED  BY  CAPACITOR  AREA  -  INTRINSIC 
SIZE  EFFECTS  (SCALING  TO  SUBMICRON  SIZE) 

Reduction  in  switched  charge  for  finite-area  capacitors  is  a  well-known 
problem  in  electrostatics.  Fringing  fields  have  significant  effects  in  switched 
charge  reduction.  An  important  parameter  is  aspect  ratio.  For  a  circular 
disk  of  diameter  2  microns  and  thickness  200  nm  (aspect  ratio  of  10:1)  the 
fringing  field  produces  about  a  7%  reduction  in  switched  charge.  The 
correction  increases  nonlinearly  (ca.  23%  at  5:1,  depending  upon  exact 
geometry).  Note  that  the  latest  NEC  devices  have  a  square  cell  with  length 
0.7  microns  and  an  aspect  ratio  of  about  5:1. 

Unfortunately  the  conformal  transformations  utilized  to  estimate 
numerically  the  corrections  to  two-dimensional  finite-size  capacitors  fail 
for  low  aspect  ratios.  In  this  case  one  is  tempted  to  solve  (on  a  computer)  the 
full  three-dimensional  Laplace  equation.  However,  Laplace’s  equation  is 
not  valid  in  the  time-dependent  switching  case  of  interest  (except  for  a  few 
special  cases,  such  as  TEM  waves  in  coaxial  lines,  Laplace’s  equation  cannot 
be  used  in  time- varying  situations).  Thus,  the  general  problem  of  switching 
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in  a  ferroelectric  thin-film  capacitor  whose  area  is  comparable  to  the  square 
of  its  thickness  is  tricky. 

Semiquantitative  results  can  be  seen  from  the  simple  calculation  that 
follows:  For  a  finite  slab  of  width  a  and  length  b  in  the  ;c>^-plane,  one  obtains 
the  charge  density  on  the  capacitor  top  plate,  assuming  a  very  thin  dielectric 
film,  as 


p{x)  =  7^e£Q[h{e^  -  \)\  ^  (9) 

from  which  the  total  switched  charge  is  obtained  by  integration  over  x  (the 
infinite  charge  density  x  =  0  arises  from  the  assumption  of  vanishingly  small 
film  thickness),  whence 


Q  =  b\og{e^ -\)  -  ab.  (10) 

In  the  limit  of  small  a  this  yields 

Q^bXoga,  (liy 

so  that  switched  charge  Q  becomes  proportional  not  to  a,  but  to  log  a.  This 
is  shown  to  agree  with  the  recent  experiments  of  Amanuma  et  al. 
Although  not  mentioned  in  their  publications,  the  switched  charge  measured 
by  Amanuma  et  al.  on  submicron  SBT  capacitors  was  for  “virgin”  runs  of 
previously  unswitched  films.  Under  these  circumstances  it  seems  reasonable 
that  some  of  the  lines  of  force  in  the  capacitors  might  terminate  on  sidewalls 
and  not  on  the  anode  and  cathode,  especially  at  low,  sub-saturation  voltages 
(ca.  2V).  At  larger  fields  of  5V  (250  kV/cm)  these  lines  of  force  might 
straighten  out. 

These  problems  of  scaling  with  capacitor  area  are  much  more  severe  in 
PZT  than  in  SBT;  Faure  et  al.  report  that  coercive  field  increases  from 
1 .0  V  to  4.0  V  in  300  nm  thick  PZT  as  the  capacitor  area  is  reduced  down  to 

80  |im^. 


4.  LIMITS  IMPOSED  BY  ELECTRODE  INTERFACE  -  RECENT 
RESULTS  ON  STRONTIUM  BISMUTH  TANTALATE  (SBT) 

SBT,  a  layer-structure  perovskite,  has  become  the  material  of  choice  for 
many  integrated  ferroelectric  thin-film  applications  for  three  primary 
reasons:  1)  It  exhibits  negligible  fatigue;  2)  It  has  low  leakage  currents 
(typically  lOOx  less  than  in  PZT  of  the  same  thickness  and  electrodes);  and 
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3)  It  can  be  prepared  in  extremely  thin  films  without  loss  of  bulk 
characteristics.  In  the  latter  regard,  the  dielectric  constant  of  PZT  decreases 
from  1300  to  100-200  when  made  in  45  nm  films,  but  in  SET  the  dielectric 
constant  remains  near  600  at  all  measured  thicknesses  d.  This  suggests  that 
the  damage  layer  near  the  electrode  interfaee  is  very  thin  in  SET,  possibly 
because  of  the  growth  of  Ei-oxide  layers  on  the  metal  electrode  rather  than 
an  initial  AEO3  perovskite  block. 

It  was  recently  observed  by  Tachiki  et  al.  that  layer  strueture 
perovskites  of  form  M'M2a  Ei2Zj  03^  (here  is  an  alkaline  earth  or  lead; 
T  is  Ti,  Ta,  or  Nb)  are  ferroelectric  for  c-odd,  but  non-ferroelectric  for  c~ 
even.  There  are  many  crystals  of  this  structure,  ranging  from  O9,  O12,  O15, 
...,  O27  (c  =  3,4, . .  .,9).  The  probable  reason  the  c-even  series  are  non- 
ferroelectrie  is  that  they  are  eell-doubled  antiferroeleetrics.  This  is  evident 
initially  for  SrEuT^Ois  superlattiee  X-ray  diffraction  lines  published  by 
Scott  and  Ross  and  in  the  more  general  cases  from  the  detailed  study  by  I. 
M.  Reaney  (Euroceram  V.  Aveiro,  Portugal,  5  Sept.  1996). 

At  this  stage  SET  films  have  been  produced  via  sol-gel  spin-on,  sputtering, 
MOD  “mist”  deposition,  and  a  “flash”  CVD  process  in  which  a  relatively 
viscous,  low  vapour-pressure  liquid  is  evaporated  just  before  deposition 
(Isobe  et  al;  Desu  et  al).  The  only  real  limitation  in  the  use  of  SET  is  that  its 
proeessing  temperature  is  rather  high  (ca.  800°C)  whieh  prevents  the  use  of 
eertain  metallization  (e.g.,  aluminum).  Eelow  we  discuss  new  experimental 
data  concerning  the  structure  of  its  fluorite  precursor  phase  and  the  question 
of  what  happens  to  the  relatively  volatile  bismuth  during  proeessing. 

When  ferroelectric  PZT  is  processed,  the  material  goes  through  three 
phases:  The  initial  deposition  is  in  the  form  of  an  amorphous  film.  At  a  few 
hundred  degrees,  this  film  eonverts  to  a  pyrochlore  phase  that  is  not 
ferroelectric  under  ambient  conditions.  Either  a  furnace  anneal  for  30-90 
minutes  or  RTP  (rapid  thermal  processing)  for  90  seconds  up  to  ca.  800”  C 
transforms  the  pyroehlore  to  the  desired  simple  perovskite  structure.  The 
lowest  temperature  at  which  the  pyroehlore-perovskite  conversion  can  be 
complete  is  450”C  (Wersing 

Similarly,  SET  is  put  down  as  an  amorphous  film  and  converted  at  low 
temperatures  to  a  defective  fluorite  phase.  The  fact  that  the  fluorite  phase  is 
defective  was  developed  in  great  detail  by  Zhou  This  quasi-cubic  phase 
has  two  of  the  eight  nearest  neighbor  oxygens  for  eaeh  Ta-ion  missing,  so 
that  the  resulting  eoordination  is  a  six-fold  octahedron,  rather  that  eight¬ 
fold  (perfect  fluorite  structure).  Rodriguez  et  al  suggested  that  the  Sr,  Ei, 
and  Ta  (and/or  Nb)  ions  all  randomly  occupy  the  Ta-sites  in  this  fluorite 
phase,  despite  the  fact  that  they  have  very  different  ionic  radii.  This 
hypothesis  is  confirmed  in  detail  by  our  EXAFS  data,  obtained  on  the 
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Tsukuba  synchrotron  source  (Hartmann,  Gutleben,  Scott  et  al  The 
Ta — O  ionic  separation  is  exactly  the  same,  0.195  ±0.005  nm,  in  both  the 
fluorite  phase  and  the  Aurivillius  layer-structure  phase.  That  explains  why 
the  transformation  from  fluorite  to  layer-structure  phase  is  so  easy:  The 
coordination  number  and  bond  lengths  are  identical  in  the  two  phases,  so 
that  a  rigid  rotation  of  TaOe  octahedra  plus  stacking  of  bismuth  oxide 
layers  brings  one  phase  into  the  other.  In  this  respect  we  note  that  stable 
phases  of  SBT  do  not  require  precise  positioning  of  the  bismuth  oxide 
layers;  defects  involving  missing  ABO3  blocks  are  common. 

The  second  question  concerns  the  location  of  Bi  in  SBT.  It  is  known 
that  the  volatile  bismuth  is  often  deficient  in  as-grown  films.  It  diffuses 
into  both  top  and  bottom  Pt  electrodes.  This  XPS  depth  profile  reveals 
that  it  passes  entirely  through  300  nm  of  Pt  to  “wet”  the  top  surface  of  the 
top  electrode.  This  surface  Bi  concentration  cannot  have  come  entirely 
from  sputtering  chamber  contamination,  because  it  is  30%  elemental 
metallic  bismuth,  whereas  only  fully  oxidized  Bi  would  be  expected  from 
chamber  contamination.  This  interpretation  is  also  supported  by  evidence 
in  the  Pt  bottom  electrode,  which  is  unlikely  to  arise  from  any  Bi 
contamination  in  the  Pt  sputtering  system.  These  data  would  suggest  that  a 
barrier  layer  on  the  Pt  electrodes  to  prevent  Bi  diffusion  might  be 
considered.  We  note  that  severe  reactions  between  bismuth  oxide  and  Pt 
electrodes  are  well  known  in  the  earlier  literature  and  that  Bi 

diffusion  from  SBT  through  a  thick  Pt  electrode  into  a  Ta  (not  Ti) 
adhesion  layer  on  the  Si  substrate  was  first  demonstrated  by  Atsuki  et  al, 
using  Auger  electron  spectroscopy 

The  phase  diagram  for  Bi-Pt  given  by  Massalski  and  others  shows  that 
two  intermetallic  compounds  readily  form:  BiPt  and  Bi2  Pt.  BiPt  melts  at 
765  C;  Bi2  Pt,  at  660  C.  Thus  both  could  be  produced  during  rapid-thermal 
processing  (RTP)  or  furnace  anneal  at  ca.  800  C.  Most  important  is  the  fact 
that  Bi2  Pt  coexists  with  the  liquid  Bi/Pt  phase  down  to  270  C.  This  implies 
extreme  reactivity  of  Bi  on  Pt  at  very  modest  temperatures. 

Depth  profiles  of  this  sort  are  particularly  good  ways  to  analyze 
interdiffusion.  Earlier  it  had  been  noted  that  heavy-ion  beam 

scattering  could  be  used  to  probe  diffusion  of  Sr  and  oxygen  in  BST.  The 
results  of  the  Iodine- 124  heavy-ion  beam  scattering  on  SBT  are  confirmed 
by  XPS  data.  It  is  important  that  such  depth  studies  be  made  on  films 
without  rough  interfaces;  the  typical  SBT/Pt  interface  is  smooth,  so  that 
heavy-ion  scattering  depth  profiles  are  meaningful.  Even  light  ions  such  as 
residual  carbon  from  the  organic  carriers  used  in  MOD  deposition  of  BST 
gave  a  characteristic  signature,  revealing  typically  200  ppm  residue  A 
lateral  XPS  scan  across  the  surface  area  of  these  BST  capacitors  revealed 
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that  the  carbon  comes  in  lumps  and  is  not  uniformly  distributed  These 
lumps  are  reminiscent  of  the  Pt  hillocks  on  PZT/Pt/Ti  that  arise  from  the 
electro-chemistry  of  Ti  (put  down  as  an  adhesion  layer  since  otherwise  Pt 
mechanically  peels  off  Si)  attracting  oxygen  through  Pt  to  form  rutile.  Both 
hillocks  and  blisters  were  independently  discovered  in  1991.  They  are 
eliminated  simply  by  making  the  Pt  thicker  and  carefully  annealing  it.  More 
recent  studies  of  these  blisters  is  given  by  Spierings  et  al 
The  most  recent  EXAFS  data  from  Tsukuba  [Hartmann,  Scott  et  al, 
unpublished]  show  that  the  oxygen,  tantalum,  and  total  density  of  states, 
n{E)  versus  E,  agree  very  well  with  theoretical  calculations  of  J.  Robertson 
et  al  [Appl  Phys.  Lett.,  69,  1704  (1996)],  but  the  Bi  experimental  peak  is 
narrower  than  theoretically  predicted  and  at  slightly  lower  energy. 


5.  LIMITS  IMPOSED  BY  GRAIN  SIZE  -  SWITCHING 
IN  THIN  FILMS 

5.1.  Stadler  Model 

Through  the  1950s  and  1960s  a  switching  model  was  in  general  use  for 
ferroelectrics  that  assumed  three  steps:  In  homogeneous  nucleation  of 
domains  at  defect  sites,  primarily  at  the  electrode-ferroelectric  interface; 
forward-growth  of  needle-like  domains  parallel  and  antiparallel  to  the 
applied  field  until  they  transverse  the  ferroelectric  from  cathode-anode; 
sideways  growth  of  these  domains  until  they  fill  the  complete  volume  of  the 
ferroelectric.  Experimental  switching  current  data  J{t)  were  modeled  using 
this  scenario  with  three  fitting  parameters:  a  critical  radius  for  nucleating 
domains,  above  which  forward  growth  began;  a  single  relaxation  or  growth 
time;  and  the  spontaneous  polarization.  A  good  example  of  switching 
currents  J(t)  fitted  to  this  model  is  given  by  Araujo  et  al  It  is  found  that 
the  rate-limiting  time  is  different  in  different  ferroelectric  materials;  in 
GASH  (guanadinium  aluminum  sulfate  hexahydrate)  it  is  the  nucleation 
time  (hence  the  radius  of  the  nuceating  domains);  in  perovskite  oxides  such 
as  barium  titanate,  it  is  the  sideways  growth;  in  TGS  (triglycine  sulfate),  all 
three  steps  are  comparable  in  time.  The  forward-growth  time  is  easy  to 
estimate,  since  it  is  approximately  djv,  where  d  is  the  film  thickness  and  v,  the 
speed  of  sound;  for  a  one-micron  film,  this  is  approximately  1  ns. 

In  this  model  the  current  transients  are  fitted  to 


J(t)  =  A{Rt-\+  £-'")exp[-S(l  -Rt  +  0.5R2/2  -  £-'*')]  (12) 
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which  has  the  three  parameters  Ps^  AI{ARh?'),  a  relaxation  time  IfR,  and  a 
dimensionless  parameter  k  related  to  critical  domain  nucleation  size.  For 
KNO3  thin  films,  15  ±  2  mC/cm^;  R=  120±10  ns  and  10.5  ±  0.3 
(corresponding  to  ca.  1.0  nm  critical  domain  radius). 


5.2.  Ishibashi  Model 

Ishibashi  developed  a  switching  model  in  which  the  dimensionality  of  the 
system  plays  a  key  role,  which  is  not  explicit  in  the  preceding  theory 
described  above.  His  theory  also  has  three  parameters:  The  average 
dimension  n  of  the  growing  domains  (which  may  be  non-integer);  a 
characteristic  time  ?o;  and  a  polarization.  Thus,  one  parameter,  is  the 
same  in  each  model.  The  current  transients  are  fitted  to 

J{t)  =  (2P^^«//o)(//?o)""^exp[-(///o)"],  (13) 

where  A  is  the  capacitor  area. 

This  formula  fits  J{t)  data  in  PZT  very  well  Independent  of  the  precise 
shape  of  the  displacement  current  transient,  Ishibashi’s  model  yields  a  useful 
dimensionless  parameter:  The  product  of  the  current  density  maximum 
and  the  time  at  which  that  maximum  occurs  divided  by  the  polarization 
Pj,  yields  a  ratio  of  order  1-2  that  is  calculated  in  the  theory.  Ratios  less 
than  one  are  characteristic  of  broad,  usually  asymmetric,  J{t),  as  in  TGS  or 
GASH;  ratios  much  greater  than  unity  imply  very  sharply  peaked  current 
transients  (as  in  barium  titanate  or  KNO3).  For  well-annealed  PZT,  this 
ratio  is  1.65  ±  0.2,  and  fitting  the  J(t)  formula  above  gives  an  average 
dimension  of  domains  as  2.5.  For  Ishibashi’s  model,  n-2,5  domains  predict 
a  ratio  of  =  1  -646,  showing  at  least  excellent  self-consistency  of  the 

theory. 

Most  recent  papers  on  J{t)  data  use  the  Ishibashi  model.  By  fitting  the 
displacement  current  transient  /(/)  in  PZT  thin  films  with  fine-grained 
(2r  =  40  nm)  microstructure.  Duiker  et  al.  were  able  to  extract  both  the 
bulk  nucleation  rate  (P  =  7xl0^^s“^m~^)  and  the  average  domain  wall 
velocity  (v  =  440  m/s).  As  Dalton  et  al.  pointed  out  originally  the  Avrami 
solutions  are  impossible  for  finite  grains,  but  the  finite-grain  model 
yields  a  peak  current  at  a  time  given  by 

/(max)  =  (l/v)[(vZ)/M)'/("+'>  -  rj  (13) 

where  D  is  the  dimensionbality  of  domain  growth;  k  =  ATvj'i  for  P>  =  3;  and 
is  a  critical  nucleation  size  for  a  domain. 
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If  we  neglect  in  the  equation  above,  we  find  for  PZT  an  intrinsic 
switching  time,  not  limited  by  RC-time  constants,  of 

/(max)  =  =  600  ps,  (14) 

which  agrees  rather  well  with  that  measured  independently  by  Larsen 
et  al.  and  by  Dey  of  900  ps. 

Equally  interesting  is  Duiker’s  approximate  expression  (small-grain  limit), 
explicitly  relating  this  time  to  the  distance  L  between  domain  nucleation 
points  (i.e.,  the  size  of  domains  in  fine-grained  ceramics).  He  finds 

/(max)  =  (lnlO)/(RL^).  (15) 

Equating  this  expression  with  the  preceding  one,  we  find  L  =  800  nm  for 
Z)  =  3.  Since  L>r  =  40  nm,  this  implies  that  Duiker’s  model  is  self-consistent 
for  PZT  only  if  domain  walls  move  through  grain  boundaries  (or  coherently 
switch  adjacent  cells).  That  is,  the  domains  must  be  much  larger  than  the 
grain  diameters,  by  about  x20.  This  is  compatible  with  the  atomic  force 
microscopy  data  of  Gruverman  et  al.  on  fine-grained  PZT  films. 
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As  ferroelectric  thin  films  are  investigated  as  alternative  sensors  and  actuators  for 
microelectromechanical  systems,  it  is  becoming  important  to  understand  which  mechanisms 
control  the  magnitude  of  the  observed  piezoelectric  properties.  It  is  well  known  that  in  bulk  soft 
lead  zirconate  titanate  actuators,  over  half  the  room  temperature  response  is  in  fact  associated 
with  domain  wall  contributions  to  the  properties.  However,  recent  studies  on  bulk  ceramics 
have  demonstrated  that  the  complexity  of  the  domain  structure,  and  the  mobility  of  the  twin 
walls  depend  on  the  grain  size.  This  leads  to  appreciable  degradation  in  the  dielectric  and 
piezoelectric  properties  for  grain  sizes  below  a  micron.  This  has  significant  consequences  in  thin 
film  actuators  since  a  lateral  grain  size  of  one  micron  is  often  the  upper  limit  for  the  observed 
grain  size.  In  addition,  since  the  pertinent  domain  walls  are  ferroelastic  as  well  as  ferroelectric, 
the  degree  of  stress  imposed  on  the  film  by  the  substrate  can  also  clamp  the  observed 
piezoelectric  response.  To  investigate  the  importance  of  these  factors,  controlled  stress  levels 
were  imposed  on  several  types  of  ferroelectric  thin  films  while  the  dielectric  and 
electromechanical  properties  were  measured.  It  was  found  that  for  undoped  sol-gel  lead 
zirconate  titanate  thin  films,  the  extrinsic  contributions  to  the  dielectric  and  electromechanical 
properties  make  very  modest  contributions  to  the  film  response.  No  significant  enhancement  in 
the  properties  was  observed  even  when  the  film  was  brought  through  the  zero  global  stress 
condition.  Comparable  results  were  obtained  from  laser  ablated  films  grown  from  hard  and  soft 
PZT  targets.  Finally,  a  similar  lack  of  twin  wall  mobility  was  observed  in  atomic  force 
microscopy  experiments.  The  consequences  of  this,  as  well  as  several  alternative  methods  to 
increase  the  available  piezoelectric  coefficients  and  achievable  strains  in  ferroic  films  will  be 
presented. 

Keywords:  Thin  film;  lead  zirconate  titanate;  domain  wall  motion 
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INTRODUCTION 

Thin  film  piezoelectrics  are  an  attractive  means  of  actuation  for  miniature 
components,  since  piezoelectricity  scales  well,  particularly  from  an  energy 
density  standpoint,  relative  to  many  other  means  of  generating  controlled 
motions.  While  oriented  ZnO  is  currently  the  most  widely  used  thin  film 
piezoelectric  in  microelectromechanical  systems  (MEMS),  several  ferro¬ 
electric  compositions  offer  efficient  electromechanical  transduction  coupled 
with  an  order  of  magnitude  improvement  in  the  piezoelectric  coefficients. 
Consequently,  in  MEMS,  introduction  of  ferroelectric  thin  films  is  an  area 
of  strong  interest  In  developing  films  for  such  uses,  it  is  helpful  to 
understand  which  factors  contribute  to  the  observed  piezoelectric  proper¬ 
ties,  as  this  has  important  repercussions  in  terms  of  the  magnitude  of  the 
piezoelectric  coefficients  available  as  well  as  the  aging  characteristics  of  the 
films.  Thus,  this  paper  describes  the  role  of  intrinsic  and  extrinsic 
contributions  to  the  piezoelectric  properties  of  bulk  and  thin  film  lead 
zirconate  titanate  (PZT).  It  is  suggested  that  in  most  PZT  thin  films  under  a 
micron  in  thickness,  domain  walls  contribute  less  to  the  piezoelectric 
properties  than  is  typical  for  bulk  ceramics. 


INTRINSIC  AND  EXTRINSIC  RESPONSE 
IN  LEAD  ZIRCONATE  TITANATE  CERAMICS 

In  bulk  polycrystalline  Pb(Zri_:cTy03  ceramics,  the  room  temperature 
dielectric  and  piezoelectric  properties  result  from  a  combination  of  the 
intrinsic  response  of  the  material  (that  which  can  be  characterized  by 
averaging  the  response  expected  from  a  single  domain  single  crystal)  and 
extrinsic,  or  domain  wall  contributions.  In  terms  of  the  dielectric  constant, 
both  ferroelectric  and  ferroelectric-ferroelastic  domain  wall  motions  can 
enhance  the  measured  permittivity.  However,  since  there  is  no  spontaneous 
strain  difference  between  180°  domains  in  PZT,  for  piezoelectricity,  domain 
wall  contributions  are  due  to  reversible  and  irreversible  non- 180°  domain 
wall  motions.  Extrinsic  contributions  to  the  piezoelectric  properties  of 
PZT  are  well  known  to  be  responsible  for  the  difference  between  hard  and 
soft  PZTs. 

Several  reports  quantifying  the  role  of  extrinsic  properties  are  available  in 
the  literature.  In  particular,  through  measurements  of  the  temperature 
dependence  of  Zhang  et  demonstrated  that  in  soft  PZT, 

approximately  one  half  of  the  room  temperature  piezoelectric  properties 
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are  extrinsic  in  origin.  As  the  temperature  decreases  to  OK,  thermally 
activated  domain  wall  motions  can  be  frozen  out,  so  the  properties  of  hard 
and  soft  PZT  materials  converge  and  approach  those  predicted  from 
phenomenological  arguments  (which  do  not  account  for  domain  contribu¬ 
tions)  On  the  basis  of  hydrostatic  measurements,  Zhang  et 
calculated  that  in  both  undoped  and  in  soft  PZT  ceramics,  approximately 
60%  of  the  room  temperature  is  attributable  to  domain  wall  motion. 
Similarly,  through  application  of  the  Rayleigh  law,  Damjanovich  et  al. 
assigned  ~19%  of  the  room  temperature  J33  of  PZT  near  the  morphotropic 
phase  boundary  to  be  due  to  irreversible  domain  wall  motion,  while 
irreversible  wall  motion  contributed  ~30%  of  the  response  in  PZT  63/37. 
The  remaining  extrinsic  response  is  presumably  due  to  reversible  wall 
motion. 

Since  many  MEMS  applications  require  high  piezoelectric  coefficients  and 
large  achievable  strains,  it  would  be  desirable  to  exploit  extrinsic 
contributions  to  the  film  piezoelectric  properties  in  order  to  decrease 
required  film  thicknesses  and  driving  voltages.  Thin  films  do,  however, 
demonstrate  several  fundamental  differences  from  bulk  ceramic  materials. 
In  particular,  most  thin  film  grain  sizes  are  well  under  1  pm,  which  is 
markedly  smaller  than  that  in  conventionally  prepared  ceramics.  In 
addition,  thin  films  are  often  non-stoichiometric,  have  high  defect  densities, 
and  are  constrained  by  large  biaxial  stresses  associated  with  a  combination 
of  the  deposition  conditions  and  with  thermal  expansion  coefficient 
mismatches  between  the  film  and  the  substrate.  Each  of  these  factors  could 
appreciably  influence  domain  wall  mobilities  in  thin  film  systems,  and  so  it  is 
useful  to  look  at  their  relative  roles  in  controlling  film  properties. 

The  role  of  grain  size  in  PZT  ceramics  has  been  discussed  by  Kim^^°^.  He 
demonstrated  that  when  Nb-doped  PZT  52/48  ceramics  are  prepared  with 
clean  grain  boundaries,  the  materials  demonstrate  sharp  phase  transitions, 
and  negligible  changes  in  properties  for  grain  sizes  above  1  pm.  Below  that 
size,  the  dielectric  constant,  the  piezoelectric  coefficients,  the  remanent 
polarization,  and  the  lattice  distortion  as  measured  by  X-ray  begin  to 
decrease.  In  contrast,  fine  powders  with  the  same  particle  sizes  showed  grain 
size-independent  spontaneous  strains,  implying  that  the  three-dimensional 
stresses  in  the  polycrystalline  ceramic  are  responsible  for  the  changes  in  the 
spontaneous  strain  in  ceramics.  Consequently,  some  of  the  observed  change 
in  properties  was  intrinsic. 

Perhaps  more  significant  in  terms  of  controlling  the  properties  of  fine¬ 
grained  material,  however,  were  the  concurrent  changes  in  the  domain  struc¬ 
ture.  Via  transmission  electron  microscopy  (TEM),  Cao  and  Randall 
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demonstrated  that  the  size  of  twin  domains  in  PZT  ceramics  drops  with  the 
square  root  of  the  grain  size  over  the  size  range  of  0.2  to  10  jam.  For  grains 
under  ^0.2  pm  in  extent,  the  domain  size  drops  even  more  quickly. 
Accompanying  the  smaller  twin  domain  size  was  a  decrease  in  the 
complexity  of  the  domain  structure.  This  point  is  particularly  important, 
as  twin  walls  have  been  observed  to  be  related  across  grain  boundaries  in 
PZT  ceramics  Poling  thus  requires  a  cooperative  motion  of  the  walls 
in  multiple  grains.  If  there  are  few  variants  available  per  grain,  this  may 
inhibit  the  poling  efficiency.  Moreover,  the  domain  wall  mobility  should 
decrease  with  increasing  domain  density 

The  net  result  of  these  effects  was  a  drop  in  both  the  saturation  and  the 
remanent  polarizations  as  well  as  the  piezoelectric  coefficients  as  a  function 
of  decreasing  grain  size^^^.  Thus,  as  the  grain  size  was  reduced  from  1  pm 
to  0.2  pm,  the  room  temperature  remanent  polarization  decreased  from 
38pC/cm^  to  30pC/cm^,  while  the  piezoelectric  charge  coefficient,  J33 
decreased  from  460pC/N  to  350pC/N.  Measurements  made  at  10  K  showed 
far  smaller  changes  in  the  properties,  strongly  suggesting  that  the  grain  size 
effects  observed  were  primarily  extrinsic,  rather  than  intrinsic,  in  origin. 
Since  most  thin  films  have  grain  sizes  under  0.5  pm,  it  becomes  a  significant 
question  as  to  whether  it  will  be  possible  to  generate  appreciable  domain 
wall  contributions  to  dielectric  properties  in  thin  films. 

A  second  significant  difference  between  ceramics  and  thin  films  is  the 
stress  state  of  the  materials.  In  bulk  ceramics,  the  average  stress  on  each 
particle  is  approximately  hydrostatic,  whereas  in  thin  films,  the  stress  is 
largely  biaxial.  Since  PZT  is  ferroelastic  as  well  as  ferroelectric,  stresses 
should  strongly  influence  the  film  properties  (particularly  through  domain 
wall  mobilities).  Consequently,  size  effects  may  differ  for  thin  films  relative 
to  bulk  ceramics. 

Given  these  possible  domain  pinning  mechanisms  in  films,  it  is  worthwhile 
considering  whether  or  not  truly  “soft”  piezoelectric  properties  can  be 
achieved  in  PZT  for  MEMS  devices.  To  date,  there  is  no  convincing 
evidence  for  randomly  oriented  thin  films  less  than  one  micron  thick  with 
piezoelectric  coefficients  which  surpass  those  of  a  hard  bulk  PZT  (~220  pm/V 
at  the  morphotropic  phase  boundary).  It  is  interesting,  then,  to  determine 
whether  non- 180°  domain  walls  can  be  made  mobile  in  thin  films.  To 
investigate  this  question,  this  paper  focuses  on  the  interaction  between  the 
film  dielectric  and  electromechanical  properties  and  applied  stresses  for  both 
undoped  and  doped  PZT  compositions. 
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Undoped  sol-gel  PZT  52/48  films  were  prepared  as  described  elsewhere 
using  a  methoxyethanol  solvent  approach  and  a  PbO  top  coat  prior  to 
crystallization  to  eliminate  the  formation  of  a  lead-deficient  pyrochlore 
surface  layer  Following  rapid  thermal  annealing  at  700°C  for  60 
seconds,  the  films  were  polycrystalline,  with  an  approximately  random 
orientation.  The  PZT  was  in  a  residual  stress  state  of  ~100MPa  tension.  To 
determine  whether  it  was  possible  to  stress-induce  ferroelastic  wall  motion, 
the  samples  were  placed  in  a  state  of  uniform  biaxial  stress  by  clamping  the 
wafer  over  a  cavity  which  could  be  either  evacuated  or  pressurized  The 
stress  state  in  the  film  could  then  be  calculated  using  large  deflection  plate 
theory  and  published  values  of  the  elastic  moduli  of  and  PZT^^^l 
Figure  1  shows  the  changes  in  the  low-field  dielectric  response  of  an 
undoped  sol-gel  PZT  film  ~250nm  thick  as  a  function  of  applied  biaxial 
stress. 

Several  points  are  evident  from  the  data:  first,  the  dielectric  constant 
drops  as  the  film  is  placed  in  tension  and  shows  a  shallow  maximum  when 
stressed  compressively.  Secondly,  the  changes  even  for  applied  stresses  on 
the  order  of  140  MPa  relative  to  the  unstressed  state  are  small,  typically 
under  5%.  Third,  the  dielectric  constant  recovers  almost  completely  on 
unloading  from  either  stress  state.  The  dielectric  loss  showed  little  change 
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FIGURE  1  Capacitance  as  a  function  of  cavity  pressure  for  an  unpoled  undoped  sol-gel 
PbZro.52Tio.48O3  thin  film  measured  in  uniform  pressure  biaxial  stress  rig.  Data  for  increasing 
and  decreasing  pressure  are  shown.  Similar  changes  were  observed  during  multiple  cyclings  of 
the  stress  state. 
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for  the  entire  stress  range.  Similar  behavior  was  observed  for  poled  and 
unpoled  samples. 

These  data  are  in  strong  contrast  to  biaxial  stress  measurements  on  poled 
bulk  PZT  ceramics.  In  particular,  when  measured  along  a  direction 
perpendicular  to  the  biaxial  stress,  both  hard  and  soft  PZT  compositions 
showed  a  decrease  in  the  capacitance  of  --50%  or  more  for  compressively 
stressed  material.  These  changes  were  attributed  largely  to  changes  in  the 
domain  structure  That  is,  a  compressive  biaxial  stress  should  force  the 
polarization  direction  to  orient  perpendicular  to  the  stressing  plane,  which, 
in  turn,  leads  to  changes  in  the  dielectric  properties  measured.  On 
unloading,  the  bulk  soft  PZT  returned  to  —70%  of  its  initial  value,  while 
the  hard  PZT-4  recovered  more  fully.  For  the  thin  films,  on  the  other  hand, 
the  reversibility  of  the  stress-induced  changes,  coupled  with  their  small 
magnitude,  strongly  suggests  that  it  is  not  possible  to  force  much  ferroelastic 
reorientation  of  domains  over  the  stress  range  investigated.  Indeed,  when 
the  high  field  properties  of  the  films  were  measured,  there  was  no 
appreciable  variation  in  the  coercive  field  of  the  film  for  stress  levels 
between  -140  MPa  and  140  MPa.  Instead,  when  placed  in  additional 
tension,  the  hysteresis  loop  bent  slightly  toward  the  horizontal  axis,  and 
when  placed  in  compression,  it  rotated  slightly  toward  the  vertical  axis.  A 
similar  difficulty  in  inducing  90°  domain  reorientation  was  observed  in  X- 
ray  measurements  as  a  function  of  the  poling  field  for  a  sol-gel  PZT  40/60 
film  on  Pt-coated  Si  by  Tuttle  et  al. 

It  is  also  interesting  to  note  that  the  maximum  in  the  dielectric  constant 
measured  for  the  films  occurs  approximately  where  the  applied  stress  state 
counterbalances  the  residual  stress  state  after  processing  (See  Fig.  2). 
However,  it  is  clear  from  the  relatively  small  increase  in  the  dielectric 
constant  and  loss  at  this  point,  as  well  as  the  modest  changes  in  the  coercive 
field,  that  domain  walls  do  not  become  appreciably  more  mobile  at  the 
maximum.  Consequently,  although  the  residual  stress  value  in  films  may 
modulate  the  low  and  high  field  properties  of  PZT  somewhat,  if  non- 180° 
domains  exist  in  the  grains,  the  pinning  sites  which  clamp  their  motion  must 
be  on  a  local  scale.  Grain  boundaries,  crystal  defects,  and  the  film-substrate 
interface  are  three  likely  pinning  sites  in  these  films. 

Very  similar  behavior  was  observed  in  PZT  thin  films  grown  by  pulsed 
laser  deposition  from  commercial  hard  (PZT-8)  and  soft  (PZT-5A) 
targets  Films  of  these  compositions  were  examined  to  determine 
whether  domain  wall  mobility  could  be  increased  via  donor  doping,  as  is 
typically  done  in  bulk  ceramics.  The  films  were  grown  at  room  temperature 
on  Pt-coated  Si  substrates,  and  were  subsequently  crystallized  by  rapid 


PIEZOELECTRICITY  IN  THIN  FILMS 


387 


Principle  Stress  (MPa) 

FIGURE  2  Normalized  change  in  capacitance  for  an  unpoled  undoped  PbZro.52Tio,4803  film 
as  a  function  of  the  applied  compressive  stress.  Electrode  diameter  ==  1.5  mm. 


thermal  annealing.  The  films  were  polycrystalline,  with  some  degree  of  (100) 
orientation.  The  surface  grain  size  was  ~0. 1  pm,  though  it  is  possible  that 
there  was  substructure  at  a  finer  scale.  Figure  3  shows  graphs  of  the  effect  of 
applied  biaxial  tension  and  compression  on  the  measured  capacitance  for 
the  two  types  of  films.  The  observed  behavior  is  similar  to  that  seen  in  the 
undoped  sol-gel  PZT  films.  That  is,  the  changes  in  the  low  field  properties 
are  small  (a  few  percent)  for  stresses  up  to  ~  140  MPa,  and  largely  reversible. 
There  was  no  appreciable  irreversible  wall  motion  even  in  the  film  grown 
from  the  soft  target.  The  low  domain  wall  mobility  even  in  the  soft  PZT  film 
compositions  is  consistent  with  the  observations  that  both  types  of  films 
have  similar  dielectric  constants  (>  1000)  and  nearly  identical  coercive  fields 
(~120kV/cm)  (See  Fig.  4).  Very  little  change  in  the  electrical  properties  was 
noted  when  a  sol-gel  PbO  coating  on  the  ablated  film  was  used  during  the 
rapid  thermal  annealing  to  minimize  Pb  vacancies.  Possible  explanations  for 
the  low  domain  wall  mobility  in  the  soft  composition  films  include  the  small 
grain  size  of  the  thin  films,  high  defect  densities,  or  segregation  of  the 
dopants  to  the  grain  boundaries  so  that  the  grains  are  not  “soft”.  The 
incorporation  of  at  least  some  of  the  dopants  into  the  PZT- 5 A  films  is 
strongly  suggested  by  the  fact  that  the  dielectric  loss  in  the  soft  compositions 
is  consistently  lower  than  that  of  either  hard  or  undoped  films.  TEM  work  to 
confirm  the  location  of  the  dopants  in  the  laser  ablated  films  is  currently 
underway.  Given  the  relatively  modest  changes  in  properties  as  a  function  of 
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FIGURE  3  Capacitance  as  a  function  of  cavity  pressure  for  laser  ablated  PZT  thin  films 
grown  from  commercial  hard  and  soft  PZT  targets,  (a)  applied  tensile  stress  (b)  applied 
compressive  stress.  Electrode  diameter  0.3  mm. 


applied  biaxial  stress,  the  macroscopic  residual  stress  state  is  not  believed  to 
dominate  the  low  domain  wall  mobilities. 

A  third  demonstration  of  limited  ferroelastic  domain  wall  mobility  was 
obtained  in  atomic  force  microscopy  measurerpents  of  the  piezoelectric 
coefficients  of  an  undoped  sol-gel  PZT  film  on  a  platinized  silicon  substrate. 
Piezoelectric  measurements  were  made  by  bringing  the  AFM  tip  into 
contact  with  the  film,  poling  the  film  locally  with  a  dc  voltage,  and  then 
applying  a  small  alternating  field  between  the  bottom  electrode  and  the  tip. 
The  tip  was  then  used  to  follow  the  electrically  induced  displacement. 
Additional  details  on  the  experimental  procedure  are  given  elsewhere 
Figure  5  shows  the  normalized  4^33  as  a  function  of  the  force  holding  the  tip 
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FIGURE  4  Polarization-electric  field  hysteresis  loops  for  PZT  films  grown  from  PZT-8  and 
PZT-5A  targets  under  the  same  conditions. 


in  contact  with  the  sample.  The  data  decrease  monotonically  with  increasing 
contact  force.  On  decreasing  the  load,  the  piezoelectric  coefficient  recovers, 
demonstrating  that  mechanical  depoling  is  negligible  for  these  conditions.  If 
the  load  is  treated  as  approximately  uniaxial,  then  these  data  make  an 
interesting  contrast  to  data  on  bulk  PZT.  Several  groups  have  demonstrated 
that  when  compressively  loaded  along  the  poling  axis,  soft  PZTs  show  a 
small  increase  in  <^33,  followed  by  a  rapid  reduction  associated  with 
ferroelastic  switching.  On  the  other  hand,  hard  PZTs  show  a  substantial 
maxima  in  the  observed  with  increasing  stress,  and  on  decreasing  the 
stress,  <^33  recovers  to  a  higher  value  than  the  original  number.  This  behavior 
is  attributed  to  the  mechanical  stress  depinning  the  originally  inactive  non- 
180°  domain  walls  so  that  they  can  contribute  to  the  macroscopic  behavior. 
At  higher  stresses,  it  is  believed  that  ferroelastic  switching  occurs, 
accounting  for  the  decreased  at  high  stress  levels.  As  the  stress  is 
released,  the  hard  PZT  re-poles  due  to  the  defect  dipoles,  so  the  piezoelectric 
coefficient  rises.  The  increased  zero  stress  values  are  then  associated  with  the 
contribution  from  the  de-pinned  non- 180°  domain  walls.  The  harder  the 
PZT,  the  higher  the  stress  required  to  induce  de-poling  In  contrast. 
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FIGURE  5  Change  in  the  measured  <^33  coefficient  as  a  function  of  AFM  tip  contact  force  for 
an  undoped  sol-gel  PZT  film.  The  excitation  conditions  were  kept  constant. 
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the  sol-gel  PZT  film  shows  no  increase  in  over  the  observed  range 
attributable  to  de-pinning  inactive  walls,  as  well  as  no  irreversible 
ferroelastic  wall  motion  (See  Fig.  5).  The  decrease  in  piezoelectric  coefficient 
with  increasing  contact  force  in  the  films,  then,  could  be  due  simply  to 
mechanically  clamping  the  response  with  the  AFM  tip.  Such  an  effect 
should  also  occur  in  bulk  materials,  and  would  be  most  evident  if  domain 
reorientation  could  be  eliminated. 

On  the  basis  of  all  of  these  experiments  it  is  not  clear  that  extrinsic 
contributions  to  properties  can  be  utilized  to  enhance  the  piezoelectric 
properties  of  thin  films.  This  may  ultimately  limit  the  magnitude  of  the 
piezoelectric  coefficients  which  can  be  achieved  in  PZT  films  under  a  micron  in 
thickness.  It  may,  however,  affect  aging  of  the  properties,  as  well  as  stabilize 
the  high  drive  properties. 


ALTERNATIVE  MEANS  TO  HIGHER 
ELECTROMECHANICAL  COEFFICIENTS 

Although  it  may  not  be  possible  to  prepare  PZT  films  with  soft  piezoelectric 
properties,  there  are  some  alternative  routes  to  developing  larger  strains 
and/or  higher  piezoelectric  coefficients  for  MEMS  actuators,  including  using 


PIEZOELECTRICITY  IN  THIN  FILMS 


391 


higher  drive  levels,  preparing  oriented  films,  or  utilizing  phase  change  or 
electrostrictive  compositions.  Indeed,  one  of  the  attractive  aspects  of  many 
thin  films  is  the  high  measured  breakdown  strengths  (~1  MV/cm).  Thus, 
even  though  the  piezoelectric  coelRcients  may  be  degraded  by  the  loss  of  the 
extrinsic  contribution  to  properties,  it  is  possible  to  reach  high  strain  values 
due  to  the  field  strengths  which  can  be  applied.  A  second  alternative  is  to 
examine  oriented  films.  As  has  been  demonstrated  by  Theis  and  Schlom 
even  in  the  case  of  epitaxial  films,  domain  walls  may  be  clamped  at  the 
substrate  due  to  elastic  considerations,  and  so  may  not  be  free  to  contribute 
to  properties.  However,  discounting  that  contribution,  oriented  films  clearly 
display  higher  remanent  polarizations  than  randomly  oriented  films  (i.e. 
(001)  PZT  films  with  remanent  polarizations  of  ~55iiC/cm^  have  been 
prepared,  whereas  polycrystalline  films  generally  show  remanent  polariza¬ 
tions  of  ~20--35  pC/cm^)  It  remains  to  be  seen  how  much  improvement 
this  can  offer  the  piezoelectric  properties.  A  third  approach  would  be  to 
move  away  from  standard  piezoelectric  compositions  to  utilize  either 
antiferroelectric-ferroelectric  phase  change  materials  or  electrostrictive 
compositions.  In  the  former  case,  several  groups  have  demonstrated  strain 
levels  of  >0.2%  in  PbZrOs  -  based  compounds  for  actuator  applica¬ 
tions  This  is  clearly  competitive  with  PZT,  and  should  be  quite  attr¬ 
active  for  MEMS.  Less  work  has  been  done  in  electrostrictive  compositions. 
It  would  be  particularly  interesting  to  examine  the  strain-field  behavior  for 
both  unbiased  and  field-biased  materials.  It  is  not  clear  yet  what  role  film 
stresses  have  in  affecting  the  properties  of  either  family  of  materials. 


CONCLUSIONS 

PZT  thin  films  can  be  integrated  into  MEMS  devices  to  produce  high  energy 
density  actuation.  Excellent  properties  have  been  demonstrated  by  several 
groups  throughout  the  world.  Relative  to  bulk  PZT,  however,  most  PZT 
thin  films  show  negligible  extrinsic  contributions  to  the  dielectric  and 
piezoelectric  properties.  This  may  provide  an  upper  limit  to  the  piezoelectric 
coefficients  available  unless  an  alternative  contribution  to  the  electro¬ 
mechanical  properties  can  be  tapped. 
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Structure  development  is  an  important  issue  for  the  growth  of  ferroelectric  thin  film.  In  the 
present  experiment,  Pbo.6Sro.4Ti03(PSrT)/Lao,5Sro.5Co03  (LSCO)  thin  films  have  been  grown 
on  various  substrates,  such  as:  single  crystal  Si  with  (100)  and  (111)  orientations,  Au/Si,  Pt/Si 
and  glass,  using  XeCl  excimer  laser  (wavelength  =  308  nm)  under  various  processing  conditions. 
X-ray  diffraction  results  show  that  highly  (100)- oriented  LSCO  films  can  -be  deposited 
successfully  under  appropriate  processing  conditions  regardless  the  type  of  the  substrate.  PSrT 
films  can  be  deposited  upon  LSCO  layer  with  the  same  structure  arrangements  if  LSCO  can 
develop  desired  structures.  It  appears  that  appropriate  processing  parameters  are  more 
important  than  lattice  parameter  consideration  for  growing  LSCO  films  using  pulsed  laser 
deposition.  Microstructure  investigations  indicate  that  the  substrate  with  an  amorphous  surface 
layer  may  help  the  development  of  the  desired  structure. 

Keywords:  PSrT;  LSCO;  PLD;  microstructure;  wavelength 


1.  INTRODUCTION 

The  success  of  pulsed  laser  deposition  (PLD)  in  preparing  thin  films  of  high 
Tc  superconductors  has  provoked  interest  in  using  this  technique  for 
processing  ferroelectric  thin  films  for  device  applications  Most  works  on 
ferroelectric  thin  films  have  focused  on  the  platinum  electrode  system  which 
exhibits  good  adhesion  to  lead  based  perovskite  films.  However,  its 
adhesion  to  Si02  is  poor  and  Pt  will  react  with  Si  to  form  a  silicide 
significantly  below  600°C^^l  To  improve  adhesion,  a  thin  layer  of  Ti  is 
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introduced  between  the  Pt  and  Si02.  The  polarization  fatigue  of  PZT 
capacitors  on  Pt/Ti/Si02/Si  substrates  has  been  observed  and  attributed  to 
mobile  oxygen  vacancies  and  Schottky  depletion  regions  due  to  the  work 
function  mismatch  at  the  electrode/PZT  interfaces'll  When  the  electrode  of 
the  PZT  capacitor  is  replaced  by  a  conducting  oxide  such  as  CaRuOs^^l 
Lao.5Sro.5Co03  (LSCO)  or  YBa2Cu307  (YBCO)  outstanding 
fatigue  resistance  has  been  reported.  It  has  also  been  shown  that  some 
properties  of  LSCO  are  superior  to  those  of  YBCO,  and  that  LSCO  is  an 
excellent  material  to  be  used  as  lattice  matched  electrodes  for  ferroelectric 
devices  to  reduce  fatigue-related  degradation  ^^l  However,  in  most  cases 
LSCO  films  were  grown  on  (100)  oxide  single  crystals^’’ in  order  to 
derive  epitaxy  structure  or  (100)  texture.  If  it  is  possible  to  grow  thin  films 
with  the  desired  structure  by  means  of  choosing  appropriate  processing 
parameters,  it  will  then  be  simpler  and  much  more  cost-effective.  The 
purpose  of  the  present  work  is  therefore  to  derive  a  suitable  LSCO 
electrode/buffer  layer,  in  which  preferred  texture  and  low  resistivity  are 
required,  for  ferroelectric  Pbo.6Sro.4Ti03  (PSrT)  films  on  various  substrates 
and  to  understand  how  the  microstructure  and  properties  of  the  films  would 
be  affected  if  the  substrate  varies, 

2.  EXPERIMENTAL 

The  target  material  of  LSCO  was  prepared  by  the  mixed  oxide  method  using 
powders  of  La203  (99.9%),  SrC03  (99.5%)  and  CqO  (99.5%).  The  La203 
was  baked  at  200  to  300°C  for  30  minutes  to  dehydrate  the  powders,  as 
hydrated  water  may  hinder  the  sintering  of  the  materials.  The  mixed 
powders  were  calcined  at  1000°C  for  an  hour.  After  ball-milling,  the 
powders  were  compacted  with  a  cold-isostatic  press  at  40000  psi  and 
sintered  at  1200°C  for  5  hours.  A  similar  process  was  followed  for 
preparation  of  the  PSrT  target. 

PLD  of  PSrT/LSCO  films  was  carried  out  on  various  substrates  such  as 
Si(lOO),  Si(lll),  Pt/Si(100),  polycrystalline  Au/Si(100)  and  glass  using  a 
XeCl  excimer  laser  (Lamda  Physik  200)  with  a  wavelength  of  308  nm.  Some 
Si  substrates  were  cleaned  by  a  40%  HF  solution  before  the  deposition 
of  LSCO.  Deposition  conditions  were  an  oxygen  partial  pressure 
=  0. 1  mbar;  laser  energy  density  (£’d)  =  2.8  J/cm^;  substrate  temperature 
deposition  (7d)  =  640°C,  repetition  rate  (r.r.)  =  5  Hz  and  deposition  period 
(/d)=  10  minutes  were  used  for  experiments. 

The  structure  of  the  deposited  films  was  analyzed  using  X-ray 
diffractometry  (XRD)  (Rigaku  DMAX-B,  rotating  anode)  with  a  copper 
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target.  The  scanning  rate  of  3°/min  was  adopted  for  rough  scan  from  20°  to 
68°  and  of  0.5°  or  0,2° /min  for  local  fine  scan.  In  order  to  avoid  picking  up 
artifacts  due  to  a  double  diffraction  of  the  silicon  substrate  which  may 
produce  intensity  overlapped  with  LSCO  (110)  peak,  a  standard  operation 
procedure  has  been  established.  That  is,  the  long  edge  of  a  rectangular 
silicon  substrate  cut  from  a  wafer  was  always  parallel  to  the  [OlTjsi  and  a 
calibration  curve  has  been  made  to  monitor  the  (200)si  intensity  as  a 
function  of  the  mounting  angle.  One  finds  that  if  the  [OlTjsi  is  one  the  plane 
of  X-ray  scanning,  the  (200)si  double  diffraction  vanished.  Therefore, 
mounting  the  specimens  on  the  XRD  holder  consistently,  the  artifact  can  be 
removed.  To  assure  the  reliability  of  the  data,  experiments  with  a  particular 
growth  condition  were  performed  at  least  three  times  or  even  more.  The 
percentage  of  various  oriented  grains  was  calculated  based  upon  the 
diffraction  pattern  of  the  target  and  the  following  formula 


Xhkl  -  /  {I°m00  +  ^110  +  ^lll) 

-^hkl  (-^hkOfiims  /  (-^hkOceramics 
^mOO  =  (-^100  +  -^200  - f  ^nOo)  /  " 


The  microstructure  of  the  specimens  was  investigated  using  both 
transmission  and  scanning  electron  microscopy  (TEM  (Jeol  2000FXII) 
and  SEM  (Cambridge  Instrument  S360))  and  the  interfaces  of  the  films  were 
studied  by  means  of  high  resolution  transmission  electron  microscopy 
(HRTEM)  (Jeol  4000EX).  Resistivity  measurements  were  performed  using  a 
commercial  4-point  resistivity  analyzer  (Napson  RT-7)  and  Polarization- 
Voltage  (P-V)  measurements  were  made  with  a  Radiant  Technologies  RT- 
66 A  tester. 


3.  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  XRD  patterns  of  the  LSCO  and  PSrT  targets  for  PLD 
process.  The  highest  intensity  reflection  in  LSCO  is  (110)  and  other  peaks 
are  consistent  with  the  JCPDS  card.  PSrT  targets  with  different  Sr  contents 
were  prepared.  The  cja  ratio  decreases  with  higher  Sr  content.  In  the  present 
experiment  PSrT  with  x  =  0.4  were  employed.  The  intensities  of  peaks  were 
used  for  the  calculation  of  the  percentage  of  various  oriented  grains. 

Deposition  of  LSCO  thin  films  on  Si(lOO)  and  Pt/Ti/SiO2/Si(100)  has 
been  performed  under  various  conditions  and  the  optimal  deposition 
conditions  have  been  summarized  In  the  course  of  LSCO  film 
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FIGURE  1  X-ray  diffraction  patterns  showing  relative  intensities  of  the  reflections  of 
(a)  LSCO  and  (b)  PSrT  ceramic  targets. 


deposition,  well  controlled  film  crystallography  has  been  obtained.  Figure  2 
shows  the  results  of  X-ray  diffraction  patterns  of  the  LSCO  thin  films 
deposited  on  various  substrates  using  PLD  with  the  conditions  mentioned. 
The  significance  of  this  result  is  that  no  matter  what  kind  of  substrate  is, 
primarily  (100)  oriented  LSCO  thin  films  can  be  acquired  all  the  time.  The 
deposited  LSCO  films  on  silicon  single  crystal  substrates  with  (100)  and/or 
(111)  orientation.  Figures  2a  and  2b,  show  similar  tendency  as  those  on 
poly  crystalline  or  preferred-oriented  metal  films  such  as  Au/Si(100)  and  Pt/ 
Si02/Si,  Figures  2c  and  2d  and  even  those  on  amorphous  substrates  such  as 
glass.  Figure  2e.  It  is  clearly  seen  that  the  deposited  LSCO  thin  films  were 
highly  (wOO)  preferred-oriented.  Although  a  (110)  peak  was  also  observed, 
the  amount  of  (110)  oriented  grains  is  small  under  the  optimal  deposition 
conditions  from  the  calculation  based  upon  the  formula  shown  above.  The 
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LSCO  on  various  substrates 

Trf=640  X, ;  Poi=0.1  mbar  A  Au 

E,f2.8  J/cm^  ;  tdplO  min  •  PtSi 

ta=15  min;  r.r.=5  Hz  ^  AuSi  or  (AUjOyj 


FIGURE  2  X-ray  diffraction  patterns  showing  highly  (100)  preferred-oriented  pulsed  laser 
deposited  LSCO  thin  films  on  various  substrates. 


results  appear  to  imply  the  LSCO  is  quite  insensitive  to  the  substrate 
structure  if  appropriate  processing  conditions  were  adopted. 

In  growing  LSCO  thin  films,  not  only  the  structure  of  the  films  is 
important,  but  the  electrical  resistivity  also  demands  considerable  attention. 
Figure  3  shows  the  room  temperature  resistivity,  the  lattice  parameter  and 
the  fraction  of  textured  grains  of  the  LSCO  films  on  a  Si(lOO)  substrate  as  a 
function  of  oxygen  partial  pressure.  It  is  found  that  films  grown  at  oxygen 
partial  pressures  below  0.3  mbar  show  comparable  resistivity  values  as 
reported  in  previous  works^^’  The  resistivity  increases  as  the 

oxygen  partial  pressure  during  film  deposition  is  increased  above  1 .0  mbar. 
Similar  to  the  resistivity,  the  fraction  of  the  grain  orientations  and  the  lattice 
parameter  are  also  greatly  affected  by  oxygen  partial  pressure.  The  lattice 
parameter  of  the  films  probably  deviate  from  that  of  the  bulk  LSCO  due  to 
the  amount  of  oxygen  vacancy,  which  is  very  similar  to  the  situation  in  oxide 
superconductors  However,  for  the  fraction  of  crystal  orientation,  it  is 
relatively  difficult  to  find  a  specific  trend  with  oxygen  pressure. 

Figure  4  shows  the  room  temperature  resistivity,  the  lattice  parameter  and 
proportion  of  textured  grains  of  the  LSCO  films  on  a  Si(lOO)  substrate  as  a 
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FIGURE  3  (a)  Room  temperature  resistivity,  (b)  fraction  of  orientation  distribution  and 

(c)  lattice  parameter  of  the  LSCO  films  on  Si{100)  as  a  function  of  oxygen  pressure. 
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FIGURE  4  (a)  Room  temperature  resistivity,  (b)  fraction  of  orientation  distribution  and 
(c)  lattice  parameter  of  the  LSCO  films  on  Si(lOO)  as  a  function  of  the  substrate  temperature. 


function  of  the  substrate  temperature.  The  lattice  parameter  of  a  deposited 
film  shows  no  clear  relation  with  the  substrate  temperature.  However,  the 
film  texture  is  greatly  dependent  on  the  substrate  temperature.  In  fact,  the 
substrate  temperature  provides  the  driving  force  for  nucleation  and  growth 
of  the  deposited  films.  Thermal  energy  helps  atomic  diffusion  and  the  final 
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structure  development  may  be  attributed  to  the  free  energy  variation  of  the 
texture  at  a  certain  temperature  range.  However,  it  is  difficult  to  quantify  the 
texture  development  in  terms  of  a  process  parameter  due  to  the  complexity 
of  the  PLD  process.  For  LSCO  films  deposited  on  Si(lOO),  a  substrate 
temperature  between  500  and  650°C  is  appropriate  to  form  a  (lOO)-oriented 
texture  and  low  resistivity  LSCO  films  on  a  Si(lOO)  substrate.  Polycrystalline 
LSCO  film  tends  to  form  above  700°C  and  (IIO)lsco  texture  was 
development  below  500°C  and  the  films  become  amorphous  under  400°C. 
The  substrate  temperature  and  the  oxygen  partial  pressure  therefore  play  the 
role  of  determining  the  crystallinity  and  stoichiometry  of  the  films. 

Similarly,  the  effect  of  energy  density  was  also  studied.  Figure  5  shows 
that  the  lattice  parameter  of  the  deposited  LSCO  film  was  not  influenced  by 
energy  density.  But  the  (lOO)-oriented  texture  and  the  film  conductivity  were 
greatly  enhanced.  This  effect  is  probably  due  to  a  more  complete  atomic 
arrangement  at  a  higher  laser  energy  density.  The  lowest  resistivity  we 
derived  was  58|xQ'Cm,  comparable  to  the  reported  ones 
On  the  other  hand,  low  resistivity  films  often  come  with  strong  (100)  texture 
of  the  LSCO  electrode.  This  appears  to  suggest  the  anisotropic  behavior  of 
the  LSCO  resistivity.  However,  the  LSCO  films  deposited  at  a  substrate 
temperature  of  500°C  with  a  high  (110)  texture,  Figure  4  and  some 
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FIGURE  5  (a)  Room  temperature  resistivity,  (b)  fraction  of  orientation  distribution  and 
(c)  lattice  parameter  of  the  LSCO  films  on  Si(lOO)  as  a  function  of  energy  density  of  the  laser 
beam. 
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polycrystal  films  imply  that  films  with  other  orientations  can  also  show  low 
resistivity  if  appropriate  processing  conditions  were  employed.  This  implies 
that  the  resistivity  variation  of  LSCO  may  primarily  be  attributed  to  the 
crystallinity  or  stoichiometry  changes,  but  not  due  to  the  texture.  As  long  as 
the  necessary  energy  was  provided,  good  quality  films  can  be  obtained  and 
consequently  a  low  resistivity  can  be  achieved.  Comparing  with  previous 
work^^'\  it  might  be  more  appropriate  to  suggest  that  the  electrical 
resistivity  of  LSCO  is  close  to  be  isotropic. 

PSrT  films  were  deposited  upon  the  LSCO  layers.  Figure  6  shows  the 
XRD  patterns  of  the  PSrT  thin  films  on  LSCO  films  with  different 
orientations.  The  LSCO  films  with  different  orientations  can  be  controlled 
by  choosing  appropriate  processing  conditions.  For  the  (mOO)- oriented  film 
growth,  the  processing  parameters  are  7d  =  640°C, 

J/cm^.  With  similar  processing  parameters  but  7h  =  450°C  and 
700° C,  (1 10)-oriented  and  polycrystal  films  can  be  grown.  Figures  6a  and  6b 
are  patterns  for  bulk  LSCO  and  PSrT  for  comparison  and  Figure  6c  shows  a 
polycrystalline  LSCO  film  and  the  deposited  PSrT  film  is  also  polycrystal¬ 
line.  Figure  6d  is  a  PSrT  film  on  a  strong  (1 10)-oriented  LSCO  and  the  PSrT 
film  shows  strong  (110)  texture  too.  Similarly,  Figure  6e  show  that  PSrT  film 
follows  the  same  structure  arrangement  as  that  of  LSCO.  Therefore,  it  is 


FIGURE  6  X-ray  diffraction  patterns  showing  crystal  structures  of  (a)  LSCO  bulk;  (b)  PSrT 
bulk,  and  structure  arrangements  of  the  PSrT  films  on  top  of  (c)  polycrystalline  LSCO  film; 
(d)  LSCO  film  with  (110)  texture;  (e)  LSCO  film  with  (mOO)  texture. 
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dear,  if  we  can  control  the  structure  of  the  buffer  LSCO  layer,  the  growth  of 
the  PSrT  films  with  the  same  structure  is  easily  achieved.  The  electric 
polarization-electric  field  (P-E)  curves  of  PSrT  films  on  a  LSCO  and  a  Pt 
electrode  are  shown  in  Figure  7.  Both  curves  indicate  that  PSrT  films  have 
ferroelectric  properties. 

Microstructure  investigations  that  provide  the  information  about  the 
interfacial  condition  and  the  atomic  arrangements  in  the  films  may  shed 
some  light  on  the  deposition  mechanism.  Figure  8  shows  an  HRTEM 
micrograph  of  the  plan  view  of  a  deposited  LSCO  film  on  Si(lOO).  The 
average  local  dimension  of  the  grains  is  about  10  to  30  nm.  Several  grains 
show  almost  exact  (lOO)-oriented  arrangement  and  most  of  grains  reveal  one 
dimensional  lattice  fringe.  Tilting  the  specimen,  one  finds  that  the  (100)  zone 
of  each  grain  is  not  far  away.  Comparing  with  the  XRD  patterns,  it  is  clear 


FIGURE  7  P-E  curves  of  the  PSrT  films  on  (a)  LSCO/SiOa/Si;  (b)  Pt/Si  substrates. 
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FIGURE  8  HRTEM  micrographs  showing  the  structure  image  of  highly  ( 1 00)  textured  LSCO 
films,  (a)  cross-section,  LSCO/Pt/LSCO/SiO2/Si(100);  (b)  plan  view,  LSCO/SiO2/Si(100). 


that  most  grains  are  aligned  with  (100)  preferred  orientation.  Figure  9  shows 
the  HRTEM  micrographs  of  the  interfaces  of  LSCO  films  on  two  Si(lOO) 
substrates.  One  substrate  is  deposited  with  LSCO  directly  after  cutting  from 
a  commercial  silicon  wafer  and  the  other  is  carefully  cleaned  by  40%  HF 
before  deposition.  It  is  clearly  seen  that  there  is  a  quite  thick  amorphous-like 
layer  in  between  LSCO  film  and  Si  substrate  for  specimen  without  cleaning, 
Figure  9a.  On  the  other  hand,  the  specimen  after  cleaned  by  HF  solution 
shows  a  direct  contact  of  LSCO  film  and  Si  substrate,  Figure  9b.  Carefully 
analyzing  the  micrographs,  one  may  find  that  strains  and  dislocations  form 
around  the  interface  because  of  large  lattice  mismatch  in  two  materials.  The 
Si02  layer  formed  on  silicon  substrate  obviously  plays  an  important  role, 
that  is,  if  an  amorphous  layer  exists  on  the  substrate,  it  presumably  excludes 
or  reduces  the  influence  of  the  structure  and  lattice  parameters  of  the 
substrate  on  the  texture  of  the  grown  films.  For  a  clean  LSCO/Si  interface,  it 
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FIGURE  9  HRTEM  micrographs  showing  the  interfaces  of  LSCO  films  on  two  Si(lOO) 
substrates,  (a)  A  Si (100)  substrate  deposited  with  LSCO  directly  after  cut  from  a  commercial 
silicon  wafer;  (b)  A  Si(lOO)  substrate  carefully  cleaned  by  40%  HF  before  LSCO  deposition. 


appears  that  LSCO  buffer  layer  shows  a  tendency  to  derive  an 
“appropriate”  crystal  orientation  by  producing  new  grains  or  distorted 
atomic  arrangements.  Therefore,  the  formation  of  LSCO  films  on  Si 
substrates  with  and  without  HF  cleaning  show  different  interfacial 
structures  and  produce  similar  film  arrangements  in  the  final  results. 

To  demonstrate  this,  glass  substrates  were  employed,  and  the  deposited 
LSCO  films  show  excellent  (100)  texture,  as  seen  in  Figure  2e,  indicating  that 
an  amorphous  layer  on  a  substrate  does  help  the  formation  of  the  (100) 
texture  of  a  LSCO  film.  Considering  the  reproducibility  of  the  results  and 
analyzing  more  quantitatively,  LSCO  deposition  on  Si(lOO)  and  Si(lll) 
substrates  without  cleaning  by  HF  solution  were  carried  out  repeatedly.  The 
statistical  results  show  reproducible  preferred  orientations  on  all  Si 
substrates.  The  amount  of  (100)-  and  (llO)-oriented  grains  were  calculated 
and  it  is  found  that  Si(lOO)  and  Si(lll)  substrates  without  cleaning  show 
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similar  average  amount  of  (mOO)-oriented  grains,  i.e.,  93±6%  and  93±7%. 
This  indicates  that  LSCO  on  Si(lOO)  has  similar  tendency  to  form  (mOO) 
texture  on  Si(l  1 1).  One  may  also  notice  that  the  LSCO  thin  films  on  metallic 
electrodes  also  show  high  ratio  of  (100)  texture,  but  comparably  the  (110) 
peaks  are  higher,  indicating  that  the  lattice  parameter  and  the  structure  of  a 
substrate  may  show  influence,  but  not  crucial  in  the  PLD  growth  of  LSCO. 
However,  it  is  difficult  to  make  a  concrete  conclusion  how  the  substrate 
structure  and  the  lattice  parameter  play  the  role  in  the  present  case.  More 
rigorous  investigations  and  inplane  X-ray  experiments  need  to  be  carried 
out  to  clarify  the  exact  mechanism. 


4.  CONCLUSION 

LSCO  films  with  both  well  controlled  (lOO)-oriented  texture  and  low 
resistivity  have  been  grown  on  various  substrates  under  appropriate 
processing  conditions  in  the  present  experiment.  X-ray  diffraction  results 
show  that  PSrT  films  can  be  deposited  upon  LSCO  layer  with  the  same 
structure  arrangements  if  LSCO  can  develop  the  desired  structures.  It 
appears  that  the  appropriate  processing  parameters  are  more  important 
than  the  lattice  parameter  consideration  for  growing  LSCO  films  using  the 
pulsed  laser  deposition.  Microstructure  investigations  indicate  that  the 
substrate  with  an  amorphous  surface  layer  may  help  the  development  of 
the  desired  structure. 
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We  have  measured  and  analyzed  the  Extended  X-ray  Absorption  Fine  Structure  (EXAFS)  of 
BaTiOs  at  the  barium  k  edge  and  the  X-ray  Absorption  Near  Edge  Structure  pCANES)  at  the 
titanium  K  edge.  Our  structural  data  show  that  the  sequence  of  phase  transitions  in  this  material 
as  the  temperature  increases  is  explained  by  a  disordering  of  domains  wherein  the  local 
structural  environment  remains  approximately  rhombohedrally  distorted  at  all  temperatures 
around  both  metal  sites.  As  the  temperature  is  raised,  the  long  range  correlations  between  these 
local  distortions  change,  resulting  in  the  observed  sequence  of  phase  transitions.  Our 
measurements  confirm  the  model  of  eight-site  disorder  used  to  explain  the  phase  diagram  of 
BaTi03.  We  show  that  EXAFS  and  XANES  are  sensitive  probes  of  both  the  magnitude  and 
direction  of  the  local  structural  distortions  which  accompany  ferroelectricity  and  therefore  are 
sensitive  probes  of  the  microscopic  mechanism  of  ferroelectricity. 

Keywords:  BaTiOs;  ferroelectricity;  XAFS;  XANES;  phase  transition;  perovskite 


1.  THE  PHASE  TRANSITIONS  OF  BaTiOs 

Because  BaTi03  has  a  relatively  simple  crystal  structure  and  a  rich 
ferroelectric  and  structural  phase  diagram,  it  has  been  one  of  the  most 
exhaustively  studied  ferroelectric  materials  since  its  discovery  as  a  ferro¬ 
electric  in  1946^^^.  Despite  years  of  experimental  and  theoretical  attention, 
the  question  of  whether  the  phase  transitions  of  BaTiOa  are  predominantly 
of  the  displacive  or  order-disorder  type  remains  open.  In  this  paper,  we 
present  new  X-ray  Absorption  Fine  Structure  (XAFS)  data  showing  that  the 
phase  transitions  of  BaTi03  are  predominantly  of  the  order-disorder  type. 
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Because  of  its  high  Curie-Weiss  constant  and  zone-centered  soft  mode 
BaTiOs  has  long  been  considered  an  example  of  a  material  whose  structural 
transitions  are  of  the  displacive  type.  In  low  temperature  phases  of  a 
displacive  crystal  some  or  all  of  the  constituent  atoms  are  displaced  from 
sites  of  point  centrosymmetry.  These  displacements  are  of  the  same 
symmetry  as  the  macroscopic  order  parameter.  In  the  case  of  BaTi03,  the 
ferroelectric  phase  transitions  involve  rotations  of  the  macroscopic 
polarization.  In  the  lowest  temperature,  rhombohedral  phase  the  polariza¬ 
tion  is  parallel  to  a  (111)  crystal  axis.  Upon  heating  BaTiOs  undergoes 
transitions  to  orthorhombic,  tetragonal,  and  finally  cubic  phases,  wherein 
the  macroscopic  polarization  aligns  parallel  to  an  orthorhombic  (Oil)  axis 
then  to  a  tetragonal  (001)  axis  before  vanishing  in  the  cubic  phase.  These 
transitions  are  summarized  in  Table  I. 

In  Cochran’s  displacive  model,  the  atomic  displacements  are  driven  by 
softenings  of  the  appropriate  phonon  modes  as  the  transition  temperature  is 
approached  from  above.  The  mode  becomes  unstable  as  its  frequency  goes 
through  zero,  producing  the  displacement  of  the  lower  temperature  and 
lower  symmetry  phase.  This  model  not  only  successfully  explains  the 
structural  and  ferroelectric  phase  transitions,  but  also  the  Raman 
spectrum  and  much  of  the  thermodynamics  of  the  BaTiOs  system. 

In  1968,  Comes  et  al,  published  photographs  of  diffuse  scattering 
sheets  between  the  Bragg  peaks  in  three  of  the  four  phases  of  KNbOs,  which 
is  iso  structural  to  BaTiOa  and  undergoes  the  same  sequence  of  phase 
transitions.  These  sheets  could  not  be  explained  by  Cochran’s  displacive 
model.  They  showed  that  qualtiative  agreement  with  their  observations 
could  be  obtained  by  application  of  an  order-disorder  model  first  proposed 
for  BaTiOs  two  years  earlier  by  Bersuker  In  Refs.  4  and  5,  Comes  et  al, 
state  that  they  interpret  their  measurements  of  BaTi03  with  this  same  order- 
disorder  mechanism. 

An  order-disorder  crystal  is  characterized  by  local  atomic  configurations 
which  do  not  necessarily  share  symmetry  elements  with  the  macroscopic 


TABLE  I  The  phases  and  transition  temperatures  of  BaTiOa,  PbTiOa,  and  EuTiOg .  The  cubic 
phases  of  these  materials  are  paraelectric.  All  lower  symmetry  phases  are  ferroelectric 


material 

descriptions  of  phase  transitions 

BaTiOs 

rhombohedral - »  orthorhombic - >  tetragonal - »  cubic 

183  K  278  K  393  K 

PbTiOa 

tetragonal - >  cubic 

763  K 

EuTiOs 

cubic  at  all  temperatures 

STRUCTURE  AND  PHASE  TRANSITIONS  OF  BaTiOa 


409 


order  parameter.  From  calculations  of  the  local  adiabatic  potential, 
Bersuker  suggested  that  the  titanium  atom  sits  in  one  of  eight  potential 
minima  which  are  displaced  from  the  cell  center  in  the  eight  (111)  directions, 
as  shown  in  Refs.  4  and  6.  In  the  lowest  temperature  phase,  there  is  long 
range  correlation  in  all  three  Cartesian  directions  between  titanium  atoms  in 
adjacent  unit  cells.  Thus,  in  the  rhombohedral  phase,  all  the  titanium  atoms 
are  displaced  in  the  same  (111)  direction.  At  each  of  the  three  phase 
transition  temperatures,  correlation  is  lost  in  one  of  the  three  directions. 
This  results  in  a  disordering  of  the  titanium  atoms  among  the  (111) 
directions.  In  the  orthorhombic  phase,  the  titanium  atoms  occupy  one  of 
two  (111)  positions  such  that  the  displacements  from  cell  to  cell  are 
correlated  over  long  range  in  two  Cartesian  directions  and  uncorrelated  in 
the  third.  At  the  transition  to  the  tetragonal  phase,  the  correlations  are  lost 
in  a  second  direction,  thus  four  of  the  (111)  positions  are  equally  occupied 
by  the  titanium  atoms.  Finally  in  the  cubic  phase,  correlations  in  the 
remaining  direction  vanish  and  all  eight  (111)  sites  are  randomly  occupied. 

In  all  phases  the  local  displacements  are  rhombohedral  and  these 
rhombohedral  displacements  disorder  such  that  their  average  over  long 
length  scales  gives  the  observed  crystallographic  structure.  Whenever 
disorder  is  present,  the  symmetry  of  the  macroscopic  order  parameter,  in 
this  case  the  polarization,  may  be  different  from  the  symmetry  of  the  local 
displacements.  The  Bragg  peaks  observed  in  the  experiment  by  Comes  et  aL, 
arise  from  the  average  structure  and  the  diffuse  scattering  between  the  peaks 
indicate  that  disorder  is  present.  Comes  et  al,  interpreted  the  existence  of 
the  planes  of  diffuse  scattering  to  indicate  that  the  local  rhombohedral 
displacements  of  the  titanium  atoms  have  long  correlation  lengths  in 
directions  perpendicular  to  the  planes. 

This  order-disorder  model  is  not  unique  in  providing  qualitative 
agreement  with  the  diffuse  sheets  measured  by  Comes  et  al.  In  1969 
Hiiller  showed  that  a  displacive  model  allowing  for  correlated  motions  of 
the  titanium  atoms  also  gave  qualitative  agreement  with  the  observed  sheets. 
As  Hiiller  pointed  out  in  his  paper,  a  direct  test  of  these  competing  models 
was  lacking  at  the  time. 

Performing  a  direct  test  of  the  local  atomic  configurations  in  the  various 
phases  of  BaTi03  is  important  and  is  the  topic  of  this  paper.  Although  the 
model  of  soft  phonon  modes  and  displacive  structural  transitions  has 
enjoyed  success  qualitatively  explaining  many  of  the  macroscopic  and 
thermodynamic  properties  of  BaTiOs,  there  are  quantitative  discrepancies 
and  a  number  of  measurements  in  the  literature  which  are  not  well  explained 
by  a  displaeive  model.  These  include  measurements  of  infrared  reflectivity 
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cubic  phase  X-ray  diffraction  electron  spin  resonance  and  impulsive 
stimulated  Raman  scattering Furthermore,  knowing  the  true  local 
atomic  configurations  in  BaTiOs  throughout  its  various  phases  would  be 
crucial  to  a  successful  theory  of  the  microscopic  mechanism  of  phase 
transitions  in  this  material.  First  principles  calculations  of  crystal  structure 
and  phase  transitions  typically  take  atomic  configurations  as  their  initial 
input  parameters.  The  details  of  the  interactions  within  the  crystal  can  only 
be  properly  understood  with  knowledge  of  the  true  microscopic  structure. 
Recent  XAFS  measurements  on  a  variety  of  perovskite  ferroelectrics  and 
anti-ferroelectrics  including  PbTi03  KTao.9iNbo.o9C)3  NaTaOs 
Nao.siKo.isTaOs^^^^  and  PbZr03f^”^^  have  shown  order-disorder  character  in 
their  phase  transitions  which  were  originally  believed  to  be  displacive.  The 
connection  between  the  off-center  displacements  of  the  disordered  structure 
and  the  softening  of  the  transverse  optical  phonon  modes  has  been 
successfully  explained  for  PbTi03  and  KNb03.  In  this  paper  we  wish  to 
examine  the  possibility  of  order-disorder  character  in  the  phase  transitions 
of  BaTi03. 

We  have  used  XAFS  to  determine  the  local  atomic  configurations  of 
BaTi03  in  a  temperature  range  which  spans  all  four  structural  and 
ferroelectric  phases.  XAFS  is  the  right  tool  for  differentiating  between 
these  two  models  as  it  provides  a  direct  probe  of  local  structure.  XAFS  is 
not  dependent  on  long-range  order,  thus  structurally  disordered  crystals  can 
be  treated  equivalently  to  well-ordered  materials.  It  is  sensitive  to  order 
below  an  Angstrom  scale,  thus  directly  measures  local  effects  that  are 
inaccessible  to  many  other  experimental  techniques.  XAFS  is  sensitive  to 
atomic  species,  thus  the  local  structure  about  different  components  of  a 
material  can  be  measured. 

XAFS  measures  the  energy  dependence  of  the  absorption  coefficient  for 
the  excitation  of  a  deep  core  electron  into  the  continuum.  The  X-ray 
absorption  coefficient  is  measured  as  a  function  of  energy  in  a  range  below 
and  above  the  excitation  energy  of  some  deep  core  state  of  an  atom  in  the 
material.  At  energies  below  the  excitation  energy,  the  absorption  coefficient 
is  small.  At  the  excitation  energy  of  the  deep  core  electron,  there  is  a  large 
jump  in  the  absorption  coefficient.  If  the  resonant  atom  were  in  free  space, 
this  spectrum  would  be  a  decaying  step  function.  In  condensed  matter,  in  the 
presence  of  surrounding  atoms,  the  absorption  coefficient  has  an  oscillatory 
fine  structure  in  the  region  around  and  above  the  edge^^^l  The  frequency 
spectrum  of  these  oscillations  depends  on  the  distances  to  the  surrounding 
atoms  and  is  caused  by  the  interference  between  the  outgoing  photoelectron 
and  the  scattering  from  the  surrounding  atoms. 
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The  oscillatory  fine  structure  x{K)  measured  by  XAFS  can  be  expressed 
as  a  sum  over  all  scatterings  from  the  atoms  surrounding  the  excited  atom. 
Considered  as  a  sum  of  scattering  paths,  the  theoretical  XAFS  spectrum  is 
expressed  in  the  following  form: 


X{k)  =  gi(2M,+*,(<:))g-(2A:V|+2,i!/A(<=)) 


(1) 


The  subscript  j  denotes  the  various  scattering  configurations  in  the 
problem.  The  photoelectron  wave  number,  k,  is  related  to  the  energy  of 
the  incoming  photon  by  A:  =  Here  E  is  the  energy  of  the 

incoming  photon  and  Eq  is  the  excitation  energy.  This  equation  contains 
both  atomic  and  condensed  matter  contributions.  The  functions  Fj{k),  and 
^j{k)  are  the  scattering  amplitudes  and  scattering  phase  shifts  for  each 
sacttering  configuration.  \{k),  the  photoelectron  mean  free  path,  is 
dominated  by  lifetime  of  the  excited  state.  Fj{k),  %{k),  and  X{k)  depend 
on  the  absorbing  atom  and  are  obtained  from  the  ab  initio  program 
FEFF6.  The  condensed  matter  contributions  to  xW  are  Rj,  the  mean 
interatomic  distances,  Nj,  the  coordination  of  the  atoms  at  distance  Rj,  and 
<7?,  the  mean  square  displacements  about  the  Rj.  Equation  1  assumes 
harmonic  motion  of  the  backscattering  atoms.  Anharmonic  corrections  to 
(7^  are  of  negligible  size  in  BaTiOs. 

Table  II  shows  the  near  neighbor  distances  about  each  of  the  metal  sites  in 
BaTiOs  for  each  of  the  local  configurations  predicted  by  the  displacive 
model.  By  the  order-disorder  model,  we  expect  the  rhombohedral  local 
symmetry  to  persist  into  the  higher  temperature  phases.  Each  possible  local 
structure  in  Table  II  has  a  unique  set  of  A’s  and  i?’s  for  use  in  Equation  1. 
Since  XAFS  is  sensitive  only  to  the  short  range  structure,  it  is  particularly 
suited  to  distinguishing  between  these  two  models. 

In  this  work  we  present  data  on  the  Extended  XAFS  (EXAFS)  region  of 
the  barium  K  edge  as  well  as  on  the  X-ray  Absorption  Near  Edge  Structure 
pCANES)  regin  of  the  titanium  K  edge.  The  EXAFS  is  that  part  of 
the  XAFS  spectrum  more  than  ~20  eV  above  the  excitation  energy.  For  the 
EXAFS  data  presented  in  Sec.  Ill,  we  use  Equation  1  to  optimize  the 
structural  contributions  in  a  fit  to  our  data  using  a  non-linear  least-squares 
minimization.  This  is  done  with  FEFFIT,  a  part  of  the  UWXAFS3.0^^^’ 
analysis  package.  The  XANES  region  is  that  part  of  the  XAFS  spectrum  in 
the  vicinity  of  the  excitation  edge.  In  Sec.  IV  we  present  XANES  data  on 
oriented  single  crystal  samples  and  show  that  these  XANES  spectra  are 
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TABLE  II  Multiplicities  and  lengths  of  the  various  near  neighbor  bond  lengths  in  BaTiOs  for 
the  various  local  symmetries  predicted  by  the  displacive  model.  In  the  order-disorder  model  the 
rhombohedral  local  structure  persists  in  all  phases.  All  distances  are  in  Angstroms  and  were 
determined  from  the  crystallographic  data  in  Ref.  27  at  40  K,  250  K,  300  K  for  the  three  low 
temperature  phases.  The  cubic  distances  assume  the  perovskite  structure  with  a  =  4.016  A 


local 

Ba-Ba  and 

symmetry 

Ba-0 

Ba-Ti 

Ti-Ti 

Ti-0 

3x2.786 

1x3.370 

rhombohedral 

6x2.828 

3x3.430 

6x4.003 

3x1.827 

3x2.886 

3x3.501 

1x3.583 

3x2.141 

1x2.793 

4x2.808 

2x3.426 

2x3.986 

2x1.875 

orthorhombic 

2x2.837 

4x3.468 

4x4.018 

2x1.997 

4x2.854 

1x2.897 

2x3.532 

2x2.146 

4x2.808 

1x1.829 

tetragonal 

4x2.824 

4x3.417 

4x3.991 

4x2.000 

4x2.868 

4x3.522 

2x4.035 

1x2.206 

cubic 

12x2.839 

8x3.478 

6x4.016 

6x2.008 

sensitive  to  the  angular  distribution  of  the  local  structure.  Taken  together, 
these  EXAFS  and  XANES  data  show  that  an  order-disorder  mechanism 
predominantly  determines  the  local  structure  of  BaTiOs  and  that  the 
crystallographic  structure  and  thermodynamic  properties  of  BaTiOs  are 
understood  as  ensemble  or  time  averages  of  the  disordered  local  structures. 


2.  EXPERIMENTAL  DETAILS 

Our  EXAFS  measurements  were  performed  on  powdered  BaTiOs  obtained 
from  Aldrich.  The  particle  size  of  this  powder  was  small  compared  to  the 
absorption  length  of  the  sample  and  was  uniformly  dispersed  into  a  quantity 
of  graphite  powder.  Using  small  particles,  we  avoided  systematic  measure¬ 
ment  error  due  to  the  inherent  size  inhomogeneities  of  the  powder.  The 
mixture  of  graphite  and  BaTi03  was  cold  pressed  into  a  pellet  for  easy 
handling.  These  measurements  were  made  in  the  transmission  geometry 
Low  temperatures  were  obtained  with  a  Displex  cryostat  and  high 
temperatures  with  a  furnace  of  our  own  design.  Both  apparatus  controlled 
temperature  within  ±3  K.  We  measured  the  barium  K  edge  EXAFS  at  9 
temperatures  with  at  least  two  temperatures  in  each  of  the  four  phases. 

Our  titanium  K  edge  XANES  measurements  were  performed  on  a  single 
crystal  sample  of  BaTiOa  at  room  temperature  in  its  tetragonal  phase.  The 
BaTiOs  single  crystal  was  of  dimensions  4  mm  x  2  mm  x  1.5  mm.  It  was 
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etched  to  release  surface  strain,  and  one  of  the  4  mm  x  2  mm  faces  was 
polished.  The  crystal  was  poled,  thus  producing  a  large  single  crystal  with  a 
surface  mostly  free  of  90°  domains.  By  examining  the  BaTiOa  sample  under 
crossed  polarizers  and  at  200x  magnification,  we  found  that  the  polished 
surface  and  the  bulk  of  the  crystal  were  a  single  domain.  To  assure  that  the 
surface  of  the  crystal  maintained  the  same  polarization  as  the  bulk,  the 
sample  was  kept  under  a  600  V/cm  electric  field  during  both  storage  and 
data  collection.  The  polished  surface  was  used  for  data  collection.  Since  the 
penetration  depth  of  the  X-rays  at  the  titanium  K  edge  energy  4966  eV  is 
several  microns,  the  XANES  measurement  is  dominated  by  the  bulk  and 
any  small  90°  domains  remaining  on  the  surface  would  have  negligible 
impact  on  the  measurement.  Our  apparatus  only  allowed  us  to  collect  data 
on  the  single  crystal  BaTi03  sample  at  room  temperature. 

For  comparison  to  the  BaTiOs  XANES,  we  measured  the  titanium  K edge 
XANES  of  a  PbTiOs  single  crystal  at  room  temperature  in  its  tetragonal 
phase.  The  PbTi03  crystal  was  an  irregularly  shaped  wafer  about  300  pm 
thick.  It  was  examined  under  crossed  polarizers  and  a  mostly  single  domain 
region  of  approximate  dimensions  700  pm  x  700  pm  was  found.  The  crystal 
was  placed  behind  a  copper  mask  which  exposed  the  single  domain  region  to 
the  500  pm  x  500  pm  beam  used  in  the  experiment.  The  content  of  90° 
domains  in  the  illuminated  region  was  less  than  5%  and  surface  effects  were 
again  negligible  due  to  the  long  penetration  depth  of  the  X-rays. 

The  single  crystal  XANES  data  were  taken  in  the  fluorescence 
geometry  For  both  single  crystal  experiments,  sample  orientations  were 
chosen  such  that  the  region  around  the  absorption  edge  showed  no  evidence 
Bragg  peaks,  which  would  give  spurious  structure  to  the  XANES  signals. 
Temperature  dependent  titanium  K  edge  XANES  measurements  were  made 
on  powder  BaTi03  samples  prepared  in  the  manner  described  above  and 
obtained  in  the  transmission  geometry. 

For  both  the  BaTi03  and  PbTi03  single  crystal  measurements,  the  X-ray 
beam  was  incident  upon  a  surface  of  the  crystal  which  was  parallel  to  the 
crystallographic  c  axis.  In  the  fluorescence  measurement  geometry,  the 
incident  beam  strikes  the  surface  at  some  angle,  typically  about  45°.  We 
could  therfore  orient  the  c  axis  perpendicular  to  the  X-ray  polarization 
vector  i,  which  is  transverse  to  the  direction  of  propagation  of  the  beam,  but 
not  parallel  to  e.  Instead  we  measured  the  spectrum  with  the  samples  in  an 
orientation  such  that  cos“^  (l•c)  =  0»45°.  By  measuring  the  PbTi03 
sample  at  three  angles  9  and  fitting  the  peak  height  to  a  cos^(0  behavior, 
we  determined  that  6  =  50.6(8)°  for  the  room  temperature  XANES 
measurement.  The  BaTi03  sample  was  aligned  by  eye  to  ^  =  45(3)°. 
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The  Spectra  with  e  parallel  to  the  aa  plane  were  measured  directly.  The 
spectra  for  £\\c  were  found  by  =  (ii0-fiaSm\0))lcos\e). 

All  measurements  were  performed  at  beamline  XI 1 A  at  the  National 
Synchrotron  Light  Source  (NSLS).  A  silicon  (111)  crystal  was  used  to 
monochromate  the  X-rays  for  the  titanium  K  edge  experiments  and  a  (311) 
crystal  was  used  at  the  barium  K  edge.  A  bending  magnet  generates  the  X- 
rays  at  XI 1  A.  Optimal  energy  resolution  with  these  optics  is  about  0.5  eV  at 
the  titanium  edge  and  about  2  eV  at  the  barium  edge.  The  linear  polarization 
of  the  X-rays  was  maintained  by  positioning  the  sample  in  the  orbital  plane 
of  the  synchrotron.  The  monochromator  crystals  were  detuned  by  about 
20%  to  remove  harmonic  content  from  the  beam. 


3.  EXAFS  MEASUREMENTS  ON  BaTi03 
A.  EXAFS  Data  and  Data  Analysis 

In  previous  work  on  PbTiOs  we  showed  by  analyzing  both  the  lead 

Lni  and  titanium  K  edge  EXAFS,  that  the  local  distortion  of  the  titanium 
atom  in  PbTiOs  is  in  a  tetragonal  direction  and  that  it  persists  into  the  cubic 
phase.  From  this  local  structural  information,  we  determined  that  the 
mechanism  of  the  tetragonal  to  cubic  phase  transition  is  predominantly 
order-disorder,  but  also  includes  a  small  displacive  component  as  the  mag¬ 
nitude  of  the  titanium  displacement  decreases  somewhat  with  increasing 
temperature. 

It  was  our  wish  to  repeat  this  analysis  for  BaTiOs,  but  there  is  an 
experimental  difficulty  with  BaTiOa  that  is  not  present  with  PbTiOa-  The 
range  of  data  available  imposes  a  natural  bandwidth  limiting  the 
information  content  of  the  EXAFS  signal.  The  information  content  of  the 
signal  limits  the  number  of  parameters  that  can  be  determined  with  the  data. 
It  is  also  used  to  evaluate  error  bars  and  to  compare  the  goodness  of  fit  of 
different  structural  models.  The  information  content  of  the  EXAFS  signal  is 
determined  by  the  Nyquist  criterion  as  2AA:AR/7r  +  2  where  Ak  is 
the  extent  of  the  signal  as  a  function  of  photoelectron  wave  number  and  AR 
is  the  spatial  extent  of  the  signal  in  the  conjugate  distance  space  used  to 
evaluate  the  parameters  in  the  fit.  The  range  AR  corresponds  to  the  furthest 
distance  from  the  absorbing  atom  for  which  structural  information  may  be 
obtained  in  the  fit. 

The  excitation  energy  of  the  titanium  K  edge  is  at  4966  eV  and  the  energy 
of  the  barium  Lm  edge  is  at  5247  eV.  This  spectrum  is  shown  in  Figure  1. 
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FIGURE  1  The  XAFS  spectrum  of  BaTiOa  in  an  energy  range  spanning  the  titanium  K  edge 
at  4966  eV  and  barium  Lm  edge  at  5247  eV.  The  XANES  feature  discussed  in  Sec.  IV  is  shown 
in  the  dashed  box. 

The  energy  range  between  the  edge  steps  corresponds  to  A:  =  8.2 
Because  of  the  large  systematic  uncertainties  in  the  determination  of  the 
background  function  //q  at  low  photoelectron  wave  number  for  transition 
metal  oxides,  the  useful  data  range  is  quite  small,  Ak^5.0A~^.  In  analysis 
of  the  titanium  K  edge  of  other  titanium  perovskites,  we  fit  our  data  between 
1.2  and  4.0  A  corresponding  to  AR  =  2.8  A  and  to  Nj  ~  10.9.  We  found  that 
to  define  our  structure  adequately  we  needed  to  consider  at  least  fourteen 
parameters.  The  data  range  is  thus  inadequate  to  properly  define  the 
structure.  By  co-refining  these  data  with  the  barium  K  edge  data,  six  of  these 
variables  could  be  used  commonly  in  the  two  data  sets.  Although  a  co¬ 
refinement  formally  removes  the  information  content  restriction,  we  found 
that  most  of  these  variables  were  very  closely  coupled  with  the  background 
function  and  could  not  be  determined  in  a  statistically  significant  manner. 
Consequently  we  used  only  the  barium  K  edge  EXAFS  for  this  work. 

We  measured  the  barium  K  edge  EXAFS  on  powdered  samples  at  9 
temperatures  between  35K  and  750K,  a  range  spanning  all  four  phases.  To 
test  the  order-disorder  model  with  these  data,  we  created  theoretical  fitting 
standards  using  FEFF6  and  the  rhombohedral  crystal  structure  of 
BaTiOs  at  40K.  An  example  of  the  measured  spectrum  at  35  K  is  shown  in 
Figure  2.  The  fine  structure  x(^)  is  isolated  from  the  spectrum  by  the 
technique  of  Ref.  28.  xW  is  shown  in  the  inset  to  Figure  2.  The 
contributions  from  these  paths  as  calculated  by  FEFF6  were  varied 
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37300  37500  37700  37900 


Wavenumber  (A 

FIGURE  2  Absorption  spectrum  {E )  for  the  barium  K  edge  of  BaTiOa-  The  dashed  line  is 
the  background  function  po(^  found  form  the  technique  of  Ref.  28.  The  inset  plots  the  fine 
structure  weighted  by  to  show  the  detail. 

according  to  Equation  1.  The  values  for  N  were  set  as  indicated  by  the 
rhombohedral  local  symmetry  as  shown  in  Table  II.  To  determine  the  path 
lengths  R  of  Equation  1,  we  used  the  five  structure  parameters  shown  in 
Table  IV  as  possible  fitting  variables  and  from  these  determined  R  for  each 
path.  Using  these  five  structural  parameters  as  fitting  parameters,  our  fitting 
model  allows  the  possibility  of  the  cubic,  centrosymmetric  local  structure. 
The  remaining  fitting  parameters  considered  were  cP'  for  each  of  the  single 
scattering  (SS)  paths,  phase  corrections  parameterized  as  Eq  variations  for 
each  species  of  backscattering  atom,  and  an  amplitude  correction  for  the 
titanium  backscatterers.  The  parameters  for  all  multiple  scattering  (MS) 
paths  considered  in  the  fits  were  determined  from  this  set  of  fitting  variables 
without  introducing  new  variables.  For  the  fits  shown  in  Figure  3,  ten  free 
parameters  were  used.  The  fitting  ranges,  information  content,  and 
statistical  parameters  of  these  fits  are  shown  in  Table  III.  The  range  in  R 
space  included  SS  and  MS  paths  out  to  the  fifth  coordination  shell. 

Fits  to  the  data  at  several  temperatures  using  the  rhombohedral  local 
structure  are  shown  in  Figure  3.  We  found  good  agreement  to  the  data  using 
the  rhombohedral  model  at  all  temperatures.  In  other  work^^^^,  Sl  for 
barium  was  found  to  be  1 .00(5)  and  so  was  set  to  1  for  these  fits.  The  phase 
corrections  for  the  three  types  of  backscatterers  were  expressed  as  shifts 
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FIGURE  3  Fits  to  the  35  K,  300  K  and  600  K  data  using  the  rhombohedral  local  structure. 
The  amplitude  of  the  complex  Fourier  transforms  of  the  data  and  fits  are  shown.  The  limits  of 
the  fits  are  depicted  by  the  dashed  lines. 


TABLE  III  Fourier  transform  ranges  (AA:),  fitting  ranges  (AR),  number  of  independent  points 
{N/),  the  number  of  parameters  used  in  the  fits  (R),  number  of  degrees  of  freedom  (v),  reduced 
chi-square  (x^),  and  R-factor  (fractional  misfit)  for  the  fits  to  the  rhombohedral  structure  for 
BaTiOs.  The  ten  free  variables  in  these  fits  were  3  phase  corrections,  5  (t^’s,  the  lattice  constant 
a,  and  was  weighted  by  k  for  all  Fourier  transforms 


temperature 

Ak 

AR 

Nj 

P 

V 

xl 

n 

35K 

[3,  15] 

[1.6,  5.7] 

32.0 

10 

22.0 

84.8 

0.0088 

150K 

[3,  15] 

[1.6,  5.7] 

32.0 

10 

22.0 

74.1 

0.0062 

200K 

[3,  14] 

[1.6,  5.7] 

29.5 

10 

19.5 

41.8 

0.0056 

250K 

[3,  13] 

[1.6,  5.7] 

27.0 

10 

17.0 

48.5 

0.0049 

300K 

[3,  12] 

[1.6,  5.7] 

24.5 

10 

14.5 

72.3 

0.0045 

350K 

[3,  12] 

[1.6,  5.7] 

24.5 

10 

14.5 

22.7 

0.0057 

450K 

[3,  10] 

[1.6,  5.7] 

19.5 

10 

9.5 

12.6 

0.0009 

600K 

[3,  10] 

[1.6,  5.5] 

18.4 

10 

8.4 

15.4 

0.0008 

750K 

[3,  10] 

[1.6,  5.5] 

18.4 

10 

8.4 

11.2 

0.0025 

of  Eq  and  were  found  to  be  -2.1 8(70)  eV  for  oxygen,  -3.89(87)  eV  for 
titanium,  and  -2.75(1.54)  eV  for  barium  relative  to  the  nominal  value  of 
37441eV.  The  measured  tj^’s  were  fit  with  an  Einstein  temperatures 
shown  in  Table  VI.  The  lattice  constant  a  showed  a  thermal  expansion  from 
4.001(1)  A  to  4.041(9)  A  between  35  K  and  750  K.  The  parameter  varied 
smoothly  from  0.015(6)  to  0.027(4)  in  that  temperature  range.  The  other 
three  structural  parameters  in  Table  IV  showed  no  change  from  their  initial 
values  outside  of  their  uncertainties  and  so  were  fixed  to  their  40  K  values. 
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TABLE  IV  Fitting  parameters  used  in  the  fits  of  the  barium  K  edge  data  to  the  rhorabohedral 
local  structure.  The  initial  values  are  for  the  40  K  crystal  structure.  Three  of  these  parameters 
had  little  impact  on  the  quality  of  our  fits  and  were  consistent  with  their  initial  values  at  all 
temperatures.  For  the  results  in  Table  III  these  values  were  fixed  to  their  initial  values.  They  are 
indicated  in  the  second  column 


par  am. 

description 

initial  value 

a 

measured 

the  rhombohedral  lattice 
constant 

4.0035  A 

a 

set 

the  rhombohedral  angle 

89.84“ 

dn 

set 

the  rhombohedral  displace¬ 
ment  of  the  titanium  atom 

-0.015 

measured 

the  displacement  of  the 
oxygen  atom  in  the  x  and  y 
directions 

0.009 

^0, 

set 

the  displacement  of  the  oxy¬ 
gen  atom  in  the  z  direction 

0.018 

B.  Interpretation  of  the  EXAFS  Data 

Although  the  success  of  the  rhombohedral  structural  model  is  good  evidence 
to  support  an  order-disorder  model  in  BaTiOs,  it  is  not  compelling  by  itself. 
We  repeated  the  analytical  approach  described  above  on  the  data  in  the 
orthorhombic,  tetragonal,  and  cubic  phases.  In  each  of  these  phase,  we  used 
the  average  structure  as  the  fitting  model  and  created  fitting  standards  with 
FEFF6  using  these  average  structures.  We  used  the  mutiplicities  N  given  in 
Table  II  and  varied  R  for  each  path  according  to  the  values  of  the  structural 
parameters  appropriate  to  the  orthorhombic,  tetragonal,  and  cubic  phases. 
In  Table  V  we  compare  the  reduced  chi-squares  fbf  Ihe  orthorhombic, 
tetragonal,  and  cubic  models  with  the  x^  from  the  rhombohedral  fitting 
model.  As  discussed  in  Ref.  21,  the  uncertainty  in  a  good  EXAFS 
measurement  is  generally  dominated  by  systematic  errors.  The  statistical 
errors  of  the  measurement  are  small  compared  to  the  uncertainty  of  the 
fitting  standards  and  of  the  removel  of  the  background  function  po.  In 
evaluating  x^>  we  normalize  by  the  estimated  statistical  uncertainty  and 


TABLE  V  A  comparison  of  reduced  chi-square  for  the  different  local  structural  models  in  the 
orthorhombic,  tetragonal,  and  cubic  phases 


temp. 

xl  {rhomb.) 

xl  (ortho.) 

xl  (tetr.) 

X^  (cubic.) 

200K 

41.8 

32.6 

250K 

48.5 

47.9 

300K 

72.3 

71.1 

350K 

22.7 

22.3 

450K 

12.6 

12.2 

600K 

15.4 

10.4 

750K 

11.2 

10.8 
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TABLE  VI  Einstein  temperatures  for  the  five  single  scattering  paths  considered  in  the  barium 
K  edge  fits  to  the  rhombohedral  model 


SS  path 

shell  0 

630(99)  K 

2"^*  shell  Ti 

267(5) K 

shell  Ba 

161  (4)  K 

shell  0 

449(80) K 

5*^  shell  Ba 

152(6)K 

would  get  xj  ~  1  if  statistical  errors  were  dominant.  That  x^  is,  in 
general,  larger  than  1  even  for  fits  that  looks  good  upon  inspection  and  give 
physically  reasonable  results  indicates  that  systematic  errors  dominate.  We 
account  for  this  by  scaling  the  error  bars  on  our  fitting  parameters  by  a 
factor  of  Xv‘  Note  that  the  absolute  error  in  these  fits  is  quite  small  as  the  R- 
factors  shown  in  Table  III  are  less  than  1%.  The  measured  values  of  xl 
provide  a  means  to  compare  different  fitting  models.  If  the  x^’s  of  the  two 
models  differ  by  more  than  a  factor  of  1  +  (2\/2/V^),  that  the  model  with 
the  smaller  x^  is  significantly  better.  As  shown  in  Table  V,  there  is  no 
preference  for  the  rhombohedral  model  by  this  criterion. 

To  distinguish  the  structural  models,  we  rely  on  physical  arguments.  In 
the  fits  to  the  tetragonal  and  cubic  phase  data  using  the  tetragonal  or  cubic 
local  symmetry  as  our  fitting  model,  we  found  that  (t^’s  obtained  from  the 
minimizations  were  consistently  larger  than  those  found  using  the 
rhombohedral  local  symmetry.  These  values  are  shown  in  Table  VII  for 
the  cr^’s  of  the  barium-titanium  bonds.  These  larger  cr^’s  can  be  understood 
in  two  ways.  They  can  result  from  a  softening  of  the  effective  spring  constant 
connecting  the  atoms.  This  seems  unphysical.  As  shown  in  Table  II,  the 
barium- titanium  bond  lengths  change  by  at  most  3%,  but  the  change  in  is 
much  larger.  A  softening  of  the  spring  constant  would  result  in  a  faster 
increase  of  cr^  with  raising  temperature.  The  results  shown  in  Table  VII  show 
discontinuities  at  each  of  the  phase  transitions  when  the  average  structure 
fitting  models  are  used,  but  the  rate  of  change  of  cr^  with  increasing 
temperature  is  the  same  regardless  of  which  structural  model  is  used.  A 
softening  of  the  effective  spring  constant  is  inconsistent  with  the  measure¬ 
ments.  In  fact,  the  temperature  dependence  of  assuming  a  rhombohedral 
local  structure  gives  a  temperature  dependence  consistent  with  a  force 
constant  which  fits  the  single  Einstein  temperature  given  in  Table  VI.  The 
second  explanation  is  more  physically  reasonable.  The  fit  using  the  cubic 
local  symmetry  requires  a  larger  cP"  to  compensate  for  the  static  disorder  of 
the  true  rhombohedral  local  symmetry.  The  rhombohedral  fitting  model  has 
an  inherent  amount  of  static  disorder  due  to  the  set  of  barium-titanium  path 
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lengths  used  to  create  the  fitting  standards.  Using  the  /?’s  and  N’s  shown  in 
Table  II  and  the  static  cumulant  formulas  of  Ref.  31,  the  rhombohedral 
model  has  a  built-in  static  disorder  of  0.0038  A^.  The  cubic  model  has  no 
static  disorder,  thus  requires  an  enhanced  cr^  to  compensate  for  its  neglect. 
The  orthorhombic  and  tetragonal  models  have  built-in  static  disorders  of 
0.0017  and  0.0028  A^  respectively.  The  a^’s  shown  in  Table  VII  for  the 
orthorhombic,  tetragonal,  and  cubic  phases  are  systematically  larger  than 
for  the  rhombohedral  model.  In  each  case,  within  their  uncertainties,  these 
(7^’s  are  those  of  the  rhombohedral  model  plus  a  static  component  to  correct 
for  neglecting  the  contribution  of  the  rhombohedral  model  plus  a  static 
component  to  correct  for  neglecting  the  contribution  of  the  rhombohedral 
disorder. 

The  physical  behavior  of  the  a^s  in  the  rhombohedral  fitting  model  is  a 
strong  argument  in  favor  of  the  order-disorder  model  over  the  displacive 
model  in  BaTiOs.  However,  the  distinction  between  the  displacive  and 
order-disorder  models  on  the  basis  of  our  barium  K  edge  EXAFS  data  may 
not  be  fully  compelling.  To  further  resolve  this  ambiguity,  we  now  examine 
the  Ti  K  edge  XANES  spectra. 


4.  XANES  MEASUREMENTS  ON  BaTiOg  AND  PbTiOa 
A.  XANES  Data 

The  barium  K  edge  EXAFS  data  in  the  previous  section  could  not 
distinguish  the  order-disorder  and  displacive  models  with  statistical 
significance  by  use  of  xl-  The  titanium  K  edge  EXAFS  failed  to  provide 
significant  information  on  this  question  due  to  its  limited  k  range. 
Fortunately  there  is  more  information  in  the  titanium  K  edge  spectrum 
that  we  will  now  consider. 


TABLE  VII  ah  of  the  barium-titanium  distance  in  the  high-temperature  cubic  phase  as 
measured  using  the  rhombohedral  and  cubic  local  symmetries.  The  values  for  the  rhombohed/al 
model  come  from  the  Einstein  temperature  shown  in  Table  VI.  All  numbers  have  units  of  A^ 


rhombohedral 

orthorhombic 

tetragonal 

cubic 

200  K 

0.0038(4) 

0.0070(3) 

250  (K) 

0.0046(5) 

0.0077(4) 

300  K 

0.0055(7) 

0.0075(10) 

350  K 

0.0064(8) 

0.0085(12) 

450  K 

0.0083(10) 

0.0137(10) 

600  K 

0.0111(12) 

0.0175(10) 

750  K 

0.0140(11) 

0.0170(14) 
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Figure  4  shows  the  XANES  spectra  of  polycrystalline  EuTiOs,  BaTiOs,  and 
PbTiOs  at  room  temperature.  EuTi03  is  a  cubic  perovskite  and  the  titanium 
atom  resides  in  a  centrosymmetric  site  and  its  XANES  spectrum  shows  a  tiny 
peak  in  the  region  where  both  BaTi03  and  PbTi03  have  large  peaks.  As  this 
data  was  obtained  on  a  randomly  distributed  powder,  these  measurements  are 
of  averages  over  all  possible  orientations  relative  to  the  X-ray  beam. 

Figures  5  and  6  show  our  measurements  of  PbTi03  and  BaTiOs  single 
crystals  at  room  temperature.  At  this  temperature  both  materials  are  in  their 
tetragonal  phases.  In  both  figures  the  upper  trace  is  the  spectrum  for  the 
polarization  of  the  X-rays  parallel  to  the  crystallographic  c-axis  and  the 
lower  trace  is  for  the  polarization  parallel  to  the  aa  plane. 

Figure  7  shows  the  temperature  dependence  of  the  peak  in  the  titanium  K 
edge  for  poly-crystalline  BaTi03.  Data  was  obtained  at  temperatures  in  each 
of  the  crystallographic  phases,  of  which  the  data  at  80  K,  300  K  and  790  K 
are  shown. 

We  do  not  present  single  crystal  data  in  the  cubic  phase  of  BaTi03.  In  the 
cubic  phase,  the  special  information  provided  by  exploiting  the  angular 
dependence  of  the  single  crystal  measurement  is  lost.  In  the  case  of  a 
displacive  transition  the  special  direction  in  the  crystal  vanishes  at  Tc  while 
in  the  case  of  the  order-disorder  model  the  direction  of  the  local 
displacement  randomizes.  In  either  case,  the  single  crystal  data  would  be 
identical  to  the  polycrystalline  data.  Thus  we  only  present  the  polycrystal¬ 
line  data  shown  in  Figure  7  as  it  is  much  simpler  to  collect. 


Energy  (eV) 


FIGURE  4  XANES  spectra  of  polycrystalline  EuTiOs,  BaTi03  and  PbTiOs  at  300  K. 
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FIGURE  5  XANES  of  PbTiOs  with  the  X-ray  polarization  parallel  (top)  and  perpendicular 
(bottom)  to  the  crystallographic  c-axis. 


FIGURE  6  XANES  of  BaTiOa  with  the  X-ray  polarization  parallel  (top)  and  perpendicular 
(bottom)  to  the  crystallographic  c-axis. 

B.  Interpretation  of  the  XANES  Data 

At  the  titanium  K  edge,  a  Is  electron  having  initial  angular  momentum  /  =  0 
is  excited.  Because  dipole  transitions  dominate  in  /i(E)  the  final  state  of  the 
photoelectron  will  be  of  angular  momentum  /=  1  due  to  the  dipole  final  state 
selection  rule.  The  interaction  between  the  photoelectron  excited  by  the 
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FIGURE  7  XANES  of  polycrystalline  BaTi03  at  temperatures  in  the  rhombohedral  (80  K), 
tetragonal  (300  K),  and  cubic  (590  K)  phases. 

polarized  radiation  and  a  single  crystal  is  illustrated  in  Figure  8.  The 
directional  sense  of  the  excited  I  —  \  photoelectron  is  determined  by  the 
direction  of  polarization  of  the  incoming  photons.  As  the  photoelectron  has 
no  amplitude  in  directions  perpendicular  to  the  direction  of  polarization, 
li{E)  will  contain  no  information  concerning  the  local  environment  about 
the  titanium  atom  perpendicular  to  the  polarization. 

XANES  spectra  of  transition  metal  oxides  are  strongly  dependent  of  the 
symmetry  of  the  transition  metal  site.  Titanium  and  other  transition  metals 
possess  unoccupied  electron  states  of  d  character.  These  states  are 
inaccessible  to  the  dipole  excitation  of  an  s  electron.  The  displacement  of 
the  transition  metal  from  its  site  of  centrosymmetry  drives  the  mixing  of  p 
character  from  the  surrounding  oxygen  octahedron  with  the  d  character  of 
the  transition  metal  atom.  The  presence  of  a  large  peak  in  the  XANES 
spectrum  before  the  main  rise  in  the  spectrum  is  the  signature  of  a  large 
displacement  of  the  transition  metal  atom  from  its  site  of  point 
centrosymmetry.  In  the  absence  of  this  displacement,  the  peak  is  tiny  or 
absent.  It  is  convenient  to  parameterize  the  distortion  from  centrosymmetry 
by  a  vector  d.  Assuming  that  this  distortion  is  a  small  perturbation  to  the 
structure  and  treating  it  by  perturbation  theory,  the  area  A  under  the  peak  is 
related  to  d  by 


A  oc  {(e-J)). 


(2) 
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FIGURE  8  Schematic  of  the  interaction  between  the  /  =  1  photoelectron  and  a  square 
lattice. 


where  the  angle  brackets  represent  an  ensemble  average,  possibly  over 
relative  orientations  of  e  and  d.  In  the  case  of  polarized  radiation  incident  on 
a  single  domain  single  crystal,  the  peak  is  sensitive  to  the  direction  of  d. 
Equation  2  is  a  simplication  suitable  to  our  discussion  of  a  more  general 
statement  for  displacements  within  a  structure  of^  arbitrary  symmetry  for 
which  the  area  is  related  to  the  components  of  d  through  a  fourth  rank 
tensor.  In  the  case  of  a  rhombohedral  distortion  and  polycrystalline  data, 
the  parameter  d  is  the  displacement  of  the  titanium  atom  from  the  midpoint 
of  the  oxygen  octahedron. 

Equation  2  has  been  confirmed  by  a  multiple  scattering  theory  of 
XANES.  In  previous  results  by  Vedrinskii,  Kraizman  and  their 

collaborators,  good  agreement  was  found  between  calculated  and  measured 
spectra  in  titanium  containing  perovskites.  Figure  9  shows  examples  of  this 
agreement  for  EuTi03  and  PbTi03.  These  calculations  reproduce  well  the 
peak  in  the  presence  of  a  local  distortion  such  as  that  in  PbTi03  and  show 
no  peak  for  the  undistorted  EuTi03.  They  also  confirm  the  angular 
dependence  of  Equation  2  as  they  reproduce  well  the  angular  dependent 
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FIGURE  9  A  comparison  of  calculation  (solid)  and  measurement  (circles)  for  the  pre-edge 

structure  of  poly  crystalline  EuTiOs  and  PbTiOa. 


XANES  discussed  below.  From  studies  of  various  titanium  containing 
perovskites,  the  relation  of  Equation  2  was  confirmed. 

Examining  the  polycrystalline  data  shown  in  Figure  4  with  Equation  2,  it 
follows  that  the  titanium  atom  sits  in  a  non-centrosymmetric  site  in  BaTi03 
and  PbTiOa,  as  there  is  a  distinctive  peak  in  each  of  these  spectra.  However 
information  about  the  direction  of  d  is  not  available  in  polycrystalline  data. 
To  determine  the  direction  of  d,  we  examine  the  single  crystal  spectra  of 
PbTiOs  and  BaTiOs  shown  in  Figures  5  and  6.  We  immediately  see  a 
significant  variation  in  the  oriented  spectra  of  PbTi03  but  only  a  small 
variation  in  the  spectra  of  BaTi03.  As  discussed  in  the  following 
paragraphs,  the  PbTi03  data  indicate  a  tetragonal  titanium  distortion,  i.e. 
d  is  along  a  (001)  axis,  while  the  BaTi03  data  indicate  a  nearly  rhombo- 
hedral  displacement,  i.e.  d  approximately  along  a  (111)  axis. 

To  understand  why  the  BaTi03  and  PbTi03  XANES  data  indicate  these 
directions  for  the  titanium  distortions,  consider  the  local  environments 
about  the  titanium  atom  predicted  by  the  displacive  and  eight-site  models. 
They  are  depicted  in  the  cartoon  shown  in  Figure  10.  Figure  10a  shows  the 
tetragonal  titanium  distortion  predicted  by  the  displacive  model  for  a 
crystallographically  tetragonal  phase.  The  titanium  atom,  depicted  by  the 
head  of  the  arrow,  is  displaced  in  the  (001)  direction.  The  entire  crystal  is 
tetragonally  distorted  and  the  macroscopic  polarization  points  along  a 
tetragonal  axis.  If  the  polarization  vector  of  the  X-rays  is  parallel  to  the 
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FIGURE  10  Cartoon  representing  the  local  structures  of  tetragonal  BaTiOa  in  the  displacive 
(a)  and  order-disorder  (b)  models.  The  macroscopic  polarization  P  is  in  the  c  direction.  The 
large  arrow  between  the  panel  indicates  the  direction  of  the  macroscopic  polarization  and  the 
c-axis  of  the  crystal.  The  black  circles  represent  the  barium  atoms,  the  heads  of  the  arrows 
represent  the  titanium  atoms,  and  the  oxygen  atoms  have  been  left  out. 


crystallographic  c  axis,  thus  parallel  to  d,  the  area  A  under  the  peak  will  be 
large.  If  the  polarization  is  perpendicular  to  d,  then  e  •  J  =  0  and  A  will 
vanish.  This  picture  is  consistent  with  the  PbTiOs  data  but  not  with  the 
BaTiOa  data.  Previous  EXAFS  measurements  proved  the  tetragonal 
local  structure  of  PbTiOs.  A  local  tetragonal  distortion  of  the  titanium  atom 
in  BaTi03,  though,  would  be  inconsistent  with  its  XANES  spectra,  as  the 
peak  does  not  vanish  when  the  polarization  is  perpendicular  to  the  c  axis. 

Figure  10b  shows  a  two-dimensional  “four-site”  schematic  of  the  eight- 
site  model  for  a  crystallographically  tetragonal  phase.  In  this  model,  the 
titanium  atom  is  always  displaced  towards  the  corner  of  the  unit  cell.  In 
three  dimensions  this  displacement  is  in  a  (1 1 1),  or  rhombohedral,  direction. 
In  this  phase,  the  titanium  displacement  is  randomly  distributed  among 
those  directions  with  a  positive  component  along  the  c-axis.  In  each  unit 
cell,  the  local  distortion  and  the  local  dipole  point  in  a  rhombohedral 
direction.  When  these  vectors  are  averaged  over  the  entire  crystal,  the 
observed  displacement  and  macroscopic  polarization  point  in  a  tetragonal 
direction. 

XAFS,  however,  is  sensitive  only  to  the  local  structure.  When  the  pola¬ 
rization  of  the  X-rays  is  parallel  to  the  crystallographic  c-axis  in  Figure  10b, 
e  and  d  form  a  45°  angle.  When  the  polarization  is  perpendicular  to  the 
crystallographic  c-axis,  e  and  d  again  form  a  45°  angle.  In  both  orientations 
cos"^(e  •d)=A5°,  thus  A\\^Ai,;  This  is  close  to  the  behavior  of  the  data 
in  Figure  6.  These  spectra  demonstrate  that  the  order-disorder  model 
describes  the  tetragonal  phase  of  BaTiOs. 
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In  the  range  of  temperatures  shown  in  Figure  7,  the  area  under  the  peaks 
changes  from  0.20(6)  eV  at  80  K  to  0.1 5(4)  eV  at  590  K.  By  Equation  2,  the 
magnitude  of  d  decreases  by  only  about  13%  from  its  value  of  0.19(5)A  as 
measured  from  our  35  K  EXAFS  data.  In  this  temperature  range,  the 
thermal  root  mean  square  displacement  of  the  titanium  atom  from  its  site 
near  the  center  of  the  oxygen  octahedron  expected  given  the  values  of  cP'  for 
the  titanium-oxygen  bond  are  much  too  small  to  account  for  the  size  of  the 
peak^^'^l  Since  the  local  distortion  persists  well  into  the  cubic  phase,  these 
data,  like  the  polarization  dependent  data  in  Figure  6,  cannot  be  explained 
by  the  displacive  model.  Together  with  the  barium  EXAFS  results,  these 
XANES  spectra  demonstrate  that  the  local  displacement  of  the  titanium 
atom  in  BaTi03  is  in  a  rhombohedral  direction  at  all  temperatures  and  that 
an  order-disorder  model  explains  the  dominant  behavior  of  the  local 
structure  throughout  its  the  phase  transitions.  The  small  displacive 
component  of  d  is  smooth  through  the  various  phase  transitions  and 
\d\  >  0  at  all  temperatures. 

5.  DISCUSSION 

We  have  measured  the  barrium  K  edge  EXAFS  of  BaTiOs  as  a  function  of 
temperature  in  a  range  spanning  all  four  phases.  We  have  shown  that  a 
rhombohedral  distortion  of  the  local  structure  can  explain  the  data  at  all 
temperatures.  This  interpretation  of  the  EXAFS,  however,  is  not  unique.  A 
displacive  model  can  also  adequately  fit  the  EXAFS  data,  although  the 
order-disorder  model  is  preferable  by  physical  argument.  To  resolve  this 
ambiguity  we  measured  polarization  and  temperature  dependent  titanium  K 
edge  XANES.  The  behavior  of  the  XANES  data  are  inconsistent  with  a 
displacive  model,  but  can  be  explained  by  an  order-disorder  model.  The 
presence  of  an  order-disorder  behavior  in  the  phase  transitions  of  BaTiOs  is 
consistent  with  similar  behavior  observed  in  various  other  perovskites 
including  PbTiOj'’^’ KTao.9iNbo.o903''^,  NaTaOj''®’,  Nao.82Ko.i8- 
TaOs^'^'  and  PbZr03^'^  and  appears  to  be  systematic  in  these  materials. 

While  our  results  clearly  demonstarte  the  presence  of  local  distortions 
both  below  and  above  the  ferroelectric  to  paraelectric  transition  in  BaTiOa, 
many  properties  of  BaTi03  such  as  the  observed  soft  mode  are  well 
explained  by  a  displacive  model.  This  is  not  a  contradiction.  As  observed  by 
the  authors  of  Ref.  35,  the  soft  mode  properties  are  determined  by  the 
correlated  collective  displacements  within  a  crystal  while  the  local 
displacements  measured  by  XAFS  are  determined  only  by  short-range 
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correlations.  A  recent  model  by  Girshberg  and  Yacoby^^^^  considers  this 
possibility  by  coupling  local  displacements  with  a  soft  mode.  In  KNbOs,  the 
soft  mode  in  the  presence  of  the  local  displacement  of  the  niobium  atom^^^^ 
is  found  not  to  be  overdamped  and  their  calculations  reproduce  infrared  and 
hyper- Raman  measurements  of  KNb03.  Given  the  many  similarities 
between  KNbOs  and  BaTiOs,  we  believe  that  the  model  of  Girshberg  and 
Yacoby  applies  here  as  well. 

It  is  important  to  understand  the  Raman  specturm  of  BaTi03  in  the 
context  of  our  results.  The  temperature  dependence  of  the  BaTi03  Raman 
spectrum  clearly  shows  the  behavoir  expected  if  the  local  structure  is  the 
same  as  the  average  crystallographic  structure  in  each  of  the  phases.  The 
critical  difference  between  the  XAFS  and  Raman  measurements  is  their  time 
scales.  The  lifetime  of  the  Raman  excitation  is  around  10“^  sec  while  the 
lifetime  of  the  XAFS  excitation  is  determined  by  the  lifetime  of  the  core  hole 
vacated  by  the  X-ray,  about  1.5x10"^^  sec.  The  two  results  can  be  made 
consistent  by  assuming  that  the  titanium  atoms  hop  between  the  various 
sites  allowed  by  the  order-disorder  model  in  each  phase  on  a  time  scale 
between  the  Raman  and  XAFS  lifetimes.  Thus  the  XAFS  measurement  is  a 
snapshot  of  a  dynamic  system  that  is  temporally  averaged  by  the  Raman 
measurement.  This  hopping  explains  the  observation  of  disorder  behavior  in 
the  infrared  reflectivity  cubic  phase  X-ray  diffraction  electron  spin 
resonance  and  impulsive  stimulated  Raman  scattering  experiments 
mentioned  in  Sec.  I  and  does  not  contradict  thermodynamic  properties  of 
BaTiOs  which  average  over  time  scales  much  longer  than  the  hopping  time. 

The  thermal  diffuse  scattering  results  of  Holma  et  al  also  merit 
comment.  They  found  superior  agreement  to  their  data  with  Huller’s  model 
of  dynamic  correlations  than  with  Comes’  simple  application  of  eight- 
site  static  disorder.  We  suggest  that  dynamic  correlations  in  the  motion 
about  the  disordered  atom  positions  coexist  with  hopping  between  the 
disordered  sites.  Recent  first  principles  calculations  of  BaTiOs  show 
exactly  this  behavior  and  may  be  sufficient  to  account  for  the  observed 
profiles  of  the  diffuse  sheets.  This  behavior  is  consistent  with  the  model  of 
Girshberg  and  Yacoby. 

Finally  we  wish  to  revisit  Figure  6  as  it  contains  one  more  hint  of  the  true 
local  structure  of  BaTiOs.  The  peaks  in  the  parallel  and  perpendicular 
orientations  are  of  similar  area,  but  not  quite  the  same.  The  areas  under 
these  peaks  are  .4||  =  0.39(04)  eV  and  ^^=0.17(02)^  eY.  Applying 
Equation  2  to  these  areas  we  find  them  consistent  with  d  lying  11.7(1.1)° 
towards  the  c  axis  away  from  the  (HI)  axis.  This  is  a  believable  result  for 
the  tetragonal  phase.  The  presence  of  a  macroscopic  polarization  reasonably 
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could  bias  the  locations  of  the  minima  in  the  local  adiabatic  potential 
slightly  away  from  the  (111)  axes  in  the  direction  of  the  macroscopic 
polarization.  Our  measurements  show  a  slightly  altered  case  of  the  eight-site 
model  wherein  the  strain  introduced  by  the  macroscopic  polarization  is 
accommodated  by  the  appropriate  displacements  of  the  adiabatic  minima 
away  from  the  (1 1 1)  axes.  Although  we  cannot  resolve  this  sort  of  fine  detail 
about  the  local  structure  with  statistical  significance  using  the  barium  K  edge 
EXAFS  data,  this  modified  eight-site  model  provides  a  complete  explana¬ 
tion  of  our  XANES  data. 


6.  SUMMARY  AND  CONCLUSIONS 

The  EXAFS  data  at  the  barium  K  edge  as  a  function  of  temperature  on 
polycrystalline  samples  of  BaTiOs  are  consistent  with  an  eight-site  model  for 
the  displacements  from  the  cubic  sites.  The  model  assumes  local  displace¬ 
ments  in  all  phases  along  the  eight  (111)  directions.  The  macroscopic, 
spontaneous  polarizations  in  the  three  ferroelectric  phases  and  the  absence 
of  a  macroscopic  polarization  in  the  paraelectric  phase  are  explained  by  the 
disordering  of  the  local  displacements  as  suggested  by  Bersuker  and 
Comes  et  al.  The  definitive  proof  of  the  eight-site  model  for  the  local 
structure  comes  from  the  XANES  as  the  orientation  of  the  X-ray 
polarization  is  varied  relative  to  the  c  axis  of  the  tetragonal  phase.  Our 
XAFS  results  give  qunatitative  information  about  the  displacements  of  the 
eight-site  model.  The  titanium  atoms  are  displaced  from  the  center  of  the 
surrounding  oxygen  octahedron  by  0.1 9(5)  A  at  35  K.  This  displacement 
diminishes  to  0.16(5)  A  by  750  K.  The  displacements  in  the  tetragonal  phase 
are  actually  displaced  from  the  (111)  direction  by  11.7(1.1)°  towards  the  c 
axis.  Our  single  crystal  measurements  were  performed  under  an  electric  field 
along  the  c  axis  in  the  tetragonal  phase.  We  did  not  measure  the  rotation  of 
the  distortion  towards  the  direction  of  the  electric  field  as  a  function  of  the 
strength  of  the  electric  field.  Our  orignal  intent  in  applying  the  field  was  to 
pole  the  crystal  and  to  maintain  a  large  single  domain.  In  the  future,  we 
hope  to  investigate  the  dependence  of  this  rotation  on  the  strength  of  the 
applied  electric  field. 
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Ferroelectric  materials  permeate  a  vast  range  of  industrial,  military,  commercial  and  domestic 
applications,  including:  piezoelectric  gas  ignitors,  sounders,  microphones,  hydrophones, 
accelerometers  (eg  in  air  bags)  RF  and  microwave  filters  in  radio  &  TV,  IR  detectors  for  burglar  alarms 
and  light  switches  and  the  multi-layer  capacitors  which  are  indispensable  components  in  all  pieces  of 
electronic  equipment.  They  thus  impinge  on  everyone's  lives  in  many  ways  but  are,  nevertheless,  a 
poorly  understood  group  of  materials.  A  new  set  of  engineering  applications  of  these  materials  is 
emerging,  such  as;  in  'smart'  materials  which  are  beginning  to  be  used  in  the  control  of  vibrations  and 
noise  in  helicopters;  as  the  active  materials  in  a  new  range  of  uncooled  thermal  imagers  leg  for  military 
and  firefighting  applications);  as  the  actuators  for  low-cost  ink-jet  printers,  'smart'  automotive 
suspensions  and  video  recorder  heads.  In  thin  film  form  they  will  be  used  for  the  next  generation  of 
static  and  dynamic  silicon  memories  and  the  sensing  and  actuation  elements  in  the  emerging  field  of 
silicon  microsystems. 

The  Department  of  Advanced  Materials  at  Cranfield  University's  School  of  Industrial  and  Manufacturing 
Science  is  pioneering  a  new  residential  short  course  on  Ferroelectrics  and  their  Applications.  This 
unique  course  will  meet  a  growing  need  for  a  deeper  understanding  of  these  materials  and  how  they 
are  applied  in  a  wide  range  of  devices. 

The  5  day  course  will  be  presented  at  Masters  level  and  has  been  set  up  to  give  engineers  and 
scientists  using  or  wishing  to  use  these  materials  the  opportunity  to  develop  their  knowledge  under  the 
tuition  of  some  of  the  world's  leading  figures  in  this  technology.  To  supplement  lectures,  example  and 
practical  classes  will  be  used  to  teach  parts  of  the  course. 

A  firm  grounding  will  be  laid  in  the  basic  properties  of  the  materials  and  how  these  relate  to  crystal 
structure  and  materials  form.  The  properties  of,  and  fabrication  techniques  for,  single  crystal, 
polymeric,  and  especially  ceramic  and  thin  film  ferroelectrics  will  all  be  reviewed  with  reference  to 
particular  materials  examples.  The  major  current  emerging  applications  for  ferroelectrics  will  be 
surveyed  and  the  rationale  for  selecting  particular  materials  will  be  discussed.  Future  trends  in  the 
industry  will  also  be  explored  and  discussed. 

Cranfield  is  Britain's  leading  centre  for  post-graduate  teaching  and  applied  research  and  development  in 
industrial  technology  and  is  Britain's  top  academic  earner  for  industrial  and  commercial  research. 
Cranfield's  determination  to  remain  at  the  top  in  wealth  creation  in  the  UK  and  overseas  will  be 
reflected  in  the  relevance  of  this  course  to  meeting  industry  needs. 

The  School  of  Industrial  and  Manufacturing  Science  combines  a  wide  range  of  expertise  in  key 
scientific,  technological  and  management  fields,  and  already  plays  an  important  part  in  providing 
continuing  professional  development  and  applied  research.  It  is  able  to  provide  services  across  the 
complete  spectrum  of  industrial  need;  from  materials  research  and  development,  through  design, 
manufacturing,  quality  management  and  manufacturing  management,  thus  creating  a  unique  academic 
centre  for  one-stop  shopping  in  industry. 


For  more  information  contact:  '  Mrs  Marion  iVal Is.  Tele:  OJ 234  754043  Fax:  01234  751572 


Electroceramics  VI 
1998 

XSAJP  XX 

XnteraAtioiiciX  fS'yn^poaiium.  oxi. 
ApplloatioiM  oX  F'ex*K*oeleota?lc« 

E20XX>X>  XY  ‘dS 

E^OJ^opecui.  CJonXei:^noe  on. 
A.pplloaXlonjB  oX  Polax*  X31eleotx>ioB 

International  Conferences  on 
Functional  Electroceramics  and 
Thin  Films,  Polar  and 
Ferroelectric  Materials  and 
their  Applications 

First  Announcement 

Congress  Centre  Montreux 
Switzerland 
24  -  27  August  1998 

Contact  address: 


ELECTROCERyAMICS  VI 

LC-DMX-EPFL 
CH-1015  LAUSANNE 

E-Mail:  electro@lc.dinx.epfl.ch 
http://dmxwww.epfl.ch/lc/electro/horne.html 

(Pfl 

6cole  polytechnique 
F6d6rALE  DE  LAUSANNE 


SECOND  ANNOUNCEMENT 

The  Fifth  International  Symposium  on 
Ferroic  Domains  and  Mesoscopic  Structures 
(ISFD-5) 

6-10  April,  1998 

The  Penn  State  Conference  Center 

215  Innovation  Boulevard 
State  College,  Pennsylvania  16801  USA 

This  is  an  international  symposium  series  with  a  mission  to  exchange  research 
information  on  the  study  of  domains  and  mesoscopic  structures  in  ferroic 
materials.  The  last  four  consecutive  symposia  were  hosted  in  Russia,  France, 
Poland  and  Austria  and  the  symposium  proceedings  were  published  as  special 
issues  of  Ferroelectrics.  This  is  the  first  time  the  symposium  will  be  held  in 
the  United  States.  It  is  intended  to  bring  together  scientists  and  engineers  all 
over  the  world  who  are  engaged  in  different  aspects  of  domains  and  meso¬ 
scopic  structural  studies,  including  fundamental  research,  microstructural 
fabrication,  material  property  characterization  and  practical  devices. 

Theme  of  ISFD-5 

The  meeting  themes  concern  domains  and  other  mesoscopic  structures  in 
ferroelastic  and  ferroelectric  materials.  Such  materials  are  widely  used  in 
practical  applications.  One  of  the  most  important  types  of  ferroelastic  mate¬ 
rials  is  the  shape  memory  alloy,  which  could  be  used  for  thermal  engines  and 
outer  space  preshaped  devices.  Ferroelectrics  are  used  in  capacitors,  so  they 
exist  in  practically  every  electronic  device.  The  strong  piezoelectric  effect  of 
ferroelectric  materials  also  makes  them  ideal  for  transducers,  actuators  and 
sensors.  In  recent  years,  the  fast  development  of  thin  film  technology  has 
spurred  development  of  ferroelectric  nonvolatile  memory  devices. 

Scientists  have  long  realized  that  all  these  useful  properties  in  ferroic 
materials  are  impacted  by  the  domain  micro  structures.  In  order  to  better  tai¬ 
lor  these  properties,  a  more  fundamental  understanding  of  mechanisms  and 
improved  ways  to  control  these  microstructures  are  urgently  needed.  There 
are  many  challenging  problems  associated  with  these  microstructures,  such 
as  phase  transitions,  boundary  effects,  thermal  processes,  fabrication  condi¬ 
tions  and  characterization  methods.  It  requires  multiple  disciplines  to  tackle 
these  problems.  This  ISFD-5  will  bring  together  experts  from  all  over  the 
world  to  exchange  their  research  results  and  to  form  international  collabora¬ 
tions  to  advance  the  fundamental  understanding  and  the  technologies  asso¬ 
ciated  with  domain  phenomena. 


SCIENTIFIC  PROGRAM 


There  will  be  both  theoretical  and  experimental  components  to  this  sympo¬ 
sium.  We  plan  to  have  seven  sessions  and  the  focus  of  each  is  outlined  below: 

1.  Phase  Transitions  and  Mesoscopic  Structures 

The  majority  of  ferroic  materials  are  produced  through  a  temperature  dri¬ 
ven  structural  phase  transformation.  The  transformation  can  be  either  sec¬ 
ond  order  or  first  order.  The  low  temperature  phase  usually  has  a  lower  sym¬ 
metry  and  therefore  consists  of  more  than  one  variant.  The  transformation 
kinetics  can  be  different  from  material  to  material  and  the  micro  structure 
can  also  be  controlled  by  temperature  and  mechanical  boundary  conditions. 
This  session  will  focus  on  the  phase  transformation  process  and  the  transfor¬ 
mation  kinetics.  It  will  also  include  studies  of  domain  formation  processes 
and  the  varieties  of  irregular  mesoscopic  structures  that  can  be  formed  dur¬ 
ing  the  phase  transition.  Computer  simulation  of  microstructural  formation 
will  also  be  one  of  the  topics  in  this  session. 

2.  Domain  Dynamics 

The  main  focus  of  this  session  is  the  dynamics  of  domains  and  other 
microstructures.  It  is  known  particularly  in  bulk  materials  that  the  mobility 
of  domain  walls  plays  an  important  role  in  the  macroscopic  properties.  The 
mobility  of  domain  walls  depends  strongly  on  the  defect  dopants  which  can 
either  pin  or  facilitate  the  domain  wall  motion.  There  are  many  fascinating 
topics  relating  to  fabrication,  modeling  and  domain  dynamics.  In  addition, 
hysteresis  in  the  switching  process  will  be  a  topic  in  this  session.  It  will  also 
include  research  on  the  nucleation  and  growth  of  domain  microstructures 
and  the  effects  of  external  electrical  and  stress  fields. 

3.  Characterization  Techniques 

Traditional  techniques  for  the  observation  of  domains  and  mesoscopic 
structures  include  transmission  electron  microscopy,  scanning  electron 
microscopy  and  optical  microscopies.  These  techniques,  although  successful, 
have  their  limitations.  In  recent  years,  many  observation  techniques  have 
been  developed,  such  as  atomic  force  microscopy,  dielectric  microscopy,  elec¬ 
tron  holography  and  high  energy  X-ray  methods.  This  session  will  review 
some  of  the  new  work  from  traditional  techniques  and  update  the  partici¬ 
pants  on  several  new  observation  techniques. 

4.  Constrained  Domains  in  Thin  Films 

It  is  found  that  the  behavior  of  domains  and  the  formation  of  microstruc¬ 
tures  are  quite  different  in  thin  film  systems  compared  to  bulk  materials. 
Fundamental  questions  of  dimensionality  effects  and  mechanical  boundary 
conditions  are  of  great  interest  to  the  scientific  community.  This  session  will 


be  devoted  to  the  microstructural  study  of  thin  film  systems.  Topics  will 
range  from  theory,  to  fabrication,  to  characterization,  all  the  way  to  devices. 
Invited  speakers  have  been  asked  to  discuss  the  difference  between  bulk  and 
thin  film  domain  structures  and  their  influence  in  material  properties. 

5.  Phenomenology,  Group  Theory  and  Microscopic  Modeling 

In  structural  phase  transitions,  there  is  a  symmetry  change  associated  with 
the  formation  of  the  ferroic  phase.  Such  symmetry  changes  are  predictable 
based  on  group  theory.  Using  the  invariant  energy,  one  can  describe  the 
phase  transition  and  many  physical  properties  of  a  ferroic  system  using 
Landau-Ginzburg-Devonshire  phenomenological  theory.  There  are  also 
many  theoretical  models  based  on  first  principle  calculations  that  predict 
ferroic  phase  transitions.  Computer  simulations  of  the  formation  of  domain 
microstructures  will  also  be  included  and  reviewed  in  this  session. 

6.  Application  of  Domain  Structures 

Besides  enhancing  the  physical  properties  of  bulk  materials,  domains  also 
have  unique  merits  for  some  practical  applications,  for  example,  3 -dimen¬ 
sional  recording  through  electro-optical  effects,  periodic  domains  for  blue 
laser  generation,  etc.  This  session  will  be  devoted  to  innovative  applications 
of  domains  and  the  influence  of  domains  in  device  performance. 

7.  Liquid  Crystals  and  Polymers 

There  are  many  similarities  between  ferroelectric  liquid  crystals  and  solids  in 
terms  of  domain  structures.  On  the  other  hand  there  are  also  important 
differences,  particularly  in  terms  of  symmetry  considerations.  The  domain 
pattern  in  liquid  crystals  are  determined  by  flow  and  boundary  conditions 
rather  than  the  symmetry  of  the  parent  phase.  Defects  are  critical  for  the 
final  stable  configurations  in  liquid  crystals.  This  session  will  include  both 
theoretical  descriptions  and  experimental  investigations  on  liquid  crystal 
and  polymer  systems. 
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of  old  wood,  brick  and  stone.  After  lunch  the  tour  continues  and  shopping 
if  time  permits.  Departure  from  Bellefonte  will  be  approximately  around 
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purchase  anything  from  antiques,  collectibles,  produce,  to  baked  goods.  This 
adventure  is  situated  in  the  heart  of  Amish  and  Mennonite  country. 
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Center,  State  College,  Pennsylvania.  The  Penn  Stater  is  within  five  miles  of 
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and  underline  the  author’s  name  who  will  present  the  paper.  All  the  contents 
(“Times  Roman"  12  points),  figures  and  references  of  an  abstract  should 
be  contained  in  one  page  A4  paper  only.  Please  use  pencil  to  indicate  your 
preferred  topic  session  at  the  top-right  corner  (i.e.,  [A],  [B],...[R]).  As  the 
abstracts  will  be  printed,  please  mail  the  original  abstracts  to  the  Conference 
Secretariat.  Fax  or  email  versions  are  not  acceptable.  If  more  information  is 
needed,  please  contact  the  Executive  Committee  or  the  Conference  Secretariat. 

CONFERENCE  PROCEEDINGS 

The  proceedings  of  this  meeting  will  be  published  as  a  special  issue  of  Ferro¬ 
electrics  by  Gordon  &  Breach  Science  Publishers.  The  original  manuscripts 
with  additional  two  copies  of  all  invited  and  contributed  papers  presented 
at  this  meeting  should  be  mailed  to  the  Conference  Secretariat  before  the 
commencement  of  the  meeting  or  submitted  to  the  Conference  Secretariat  at 
the  Registration  Desk  on  the  first  day  of  the  meeting.  All  papers  will  be  re¬ 
viewed. 

DATES  AND  DEADLINES 
1  March  1998  Abstract  Deadline 

1  July  1998  Notification  of  Acceptance 

1  September  1998  Early-Registration  Deadline 
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PRELIMINARY  REGISTRATION 
(AMF-2) 

2nd  Asian  Meeting  on  Ferroelectrics,  International 

to  be  held  in  Singapore,  8-11  December,  1998 

(Please  photocopy  this  form  for  additional  registrations) 

(  )  Please  send  me  the  second  announcement. 

(  )  I  plan  to  attend  this  conference  and  accompanying  persons  will  be 

interested  in  the  social  program. 

(  )  I  plan  to  present  a  paper  at  this  conference.  The  tentative  title  is: 


Family  Name:  _ _  Given  Name: 

( Prof/Dr/M  r/Mrs/Ms) 

Organization:  _ _ _ _ 

Address: _  _ _ _ _ 


Country:. 


Telephone: . 


Email: 
Fax:  _ 


Names  and  addresses  of  individuals  who  might  he  interested  in  this  conference  are: 

Name: _ _ _  Name:  - 


Organization:. 
Address: _ 


Organization: 
Address:  _ 


Countrv: 


_Country: 


Fax; 

Email:. 


Fax: 


Email: 


Please  type  or  print. in  block  letters  and  mail  it  to  the  Conference  Secretariat. 


ISRF-II 


The  Second  International  Seminar  on 
Relaxor  Ferroelectrics 

Dubna,  Russia,  June  23-26, 1998 

The  Frank  Laboratory  of  Neutron  Physics  of  the  Joint  Institute  for  Nuclear 
Research  is  organizing,  with  the  support  of  the  Institute  of  Crystallography  and  the 
Physics  -  Technical  Institute  of  the  RAS,  the  second  International  Seminar  on 
Relaxor  Ferroelectrics  to  be  held  in  Dubna,  Russia  from  June  23  to  26,  1998. 


Programme  Profile 

-  atomic  structure  of  relaxor  ferroelectrics; 

~  chemical  (compositional)  ordering; 

-  dielectric  measurements; 

-  nonlinear  properties; 

-  effect  of  external  electric  fields; 

-  phase  diagrams; 

-  radiospectroscopy; 

-  lattice  dynamics  (neutron  and  light  scattering); 

-  other  physical  properties; 

-  theoretical  models; 

-  ceramic  preparation  and  crystal  growth; 

-  related  materials; 

-  application. 

The  following  types  of  presentations  are  proposed:  invited  talks  (30^0  min), 
oral  contributions  (15-25  min)  and  posters. 

The  language  of  the  Seminar  is  English. 


ORGANIZING  COMMITTEE 


L.A.  Shuvalov 
V.V.  Lemanov 
A.M.Balagurov 
S.B.  Vakhrushev 
V.Yu.  Kazimirov 
B.N.  Savenko 
A.V.  Belushkin 
S.A.  Gridnev 
N.N.  Krainik 
V.P.  Sakhnenko 


—  chairman 

—  vice  chairman 

—  vice  chairman 

—  Programme  Committee  chairman 

—  scientific  secretary 

—  member 

—  member 

—  member 

—  member 

—  member 


Tile  deadline  for  submitting  abstracts  and  sending  back  the  preregistration  form 
is  February  10,  1998.  All  abstracts  sliould  bear  an  indication  of  the  author(s)’ 
preference  as  to  the  type  of  presentation. 

Abstracts  should  be  written  in  English  and  prepared  in  camera-ready  form  (font 
size  12  pt),  on  the  one  side  of  the  good  quality  paper,  within  the  typing  area  1 6  y  24 
cm^  including  title  (printed  in  capitals),  author(s)  name(s),  affiliation(s),  address(es), 
figures  and  references,  using  1.5  line  spacing. 

The  Organizing  Committee  will  inform  the  author(s)  of  their  report  admission 
and  the  form  of  presentation  before  March  31,1 998. 

The  Seminar  proceedings  will  be  published  in  “Ferroelectrics”. 

The  Registration  Fee  (to  be  paid  on  registration): 

-  $400  for  a  participant; 

-  $200  for  an  accompanying  person; 

-  $200  for  students  and  young  (up  to  33  years  old)  scientist. 

The  Fee  includes  limousine  transportation  from  Moscow  airport  or  railway  station 
to  Dubna  and  back,  a  hotel  accommodation  (with  breakfast,  for  five  nights),  the 
copy  of  the  Seminar  Proceedings,  and  banquet.  Participants  should  notify  the  ISRF- 
II  secretariat  of  their  arrival  and  departure  details  two  days,  excluding  Saturdays 
and  Sundays,  before  their  arrival/departure  dates. 

ORGANIZATION  AND  RELEVANT  ADDRESSES: 

Chairman  of  the  Organizing  Committee 

Prof.  L.A.  Shuvalov 

A.V.  Shubnikov  Institute  of  Crystallography  of  RAS 
1 17333  Moscow,  Leninsky  avenue,  59 
Russia 

Tel:  (7)  095-135-02-51  Fax:  (7)  095-135-10-11 

Chairman  of  the  Programme  Committee 

Dr.  S.B.  Vakhrushev 
A.F.  Ioffe  Phys.-Tech.  Institute  of  RAS 
194021  St.  Petersburg 
Polyteknicheskaya  st.  26 
Russia 

Tel:  (7)  812-515-92-06  Fax:  (7)  8 12-515-67-47 
E-mail:  s.vakhrushev@sh'uvpop. ioffe.rssi.ru 

international  Advisory  Committee 

V.L.  Aksenov,  Russia  E.  Husson,  France 

R.  Blinc,  Slovenia  G.V  Kozlov,  Russia 

L.  Cross,  USA  J-  Schreiber,  Germany 

E.  Curtens,  Switzerland  W.  Kleemann,  Germany 

M. D.  Glinchuk,  Ukraine  L.A.  Shuvalov,  Russia 


Contact  address 


V.Yu.  Kazimirov 

Frank  Laboratory  of  Neutron  Physics 
Joint  Institute  for  Nuclear  Research 
141980  Dubna,  Moscow  region,  Russia 
Tel:  (7)  096-21-655-04  Fax:  (7)  096-21-658-82 
Telex:  911621  Dubna  SU  E-mail:kazimir@nf.jinr.ru 

ISRF-II 

Application  to  attend 
the  Second  International  Seminar  on 
Relaxor  Ferroelectrics 
Dubna,  Russia,  June  23-26, 1998 


Name: 


Institution  and  address: 


Tel:  _ 

Fax: _ 

Telex:  _ 

E-mail:  _ 

Title  of  report: 


This  form  should  be  sent  together  with  the  abstract  before  February  10,  1998  to 
the  address  above.  The  application  form  could  be  sent  by  E-mail  to  the  V.Yu. 
Kazimirov. 


CALL  FOR  PAPERS 


lOth  International  Symposium  on 
Integrated  Ferroelectrics 

Monterey,  California,  March  1, 2, 3, 4, 1998 

Chairmen: 

C.A.  Paz  de  Araujo  and  R.  Panholzer 
Technical  Program  Chairmen: 

O.  Auciello  and  C.M.  Foster 
Tutorial  Chairman:  R.  Ramesh 

The  10th  annual  International  symposium  on  Integrated  Ferroelectrics  will  be  March 
1 , 2,  3,  and  4,  1998  at  the  Hyatt  Regency  Hotel  in  Monterey,  CA. 

This  celebration  of  ISIF’s  tenth  anniversary  comes  at  the  time  when  substantial 
progress  has  been  made  in  the  basic  science  and  technological  applications  of 
ferroelectric  thin  films,  which  open  a  potentially  bright  future  for  science  and  new 
technologies.  Based  on  the  work  presented  at  previous  ISIFs  and  other  confer¬ 
ences  and  the  work  reported  in  the  literature,  we  think  that  ISIF  98  provides  an 
appropriate  forum  for  a  critical  review  of  the  science  and  technology  of  the  two 
main  ferroelectric  materials  being  investigated  for  application  to  NVFRAMs. 

The  work  on  high  permittivity  thin  films  suggest  that  these  materials  may  play 
a  fundamental  role  in  a  new  generation  of  DRAMS. 

The  field  of  ferroelectric/piezoelectric  materials  is  also  experiencing  an  explo¬ 
sive  growth  due  to  the  potential  applications  in  MEMS  technologies. 

Another  important  field  that  is  attracting  the  attention  of  funding  from  various 
agencies  is  the  field  of  pyroelectric  sensors. 

Authors  are  invited  to  submit  a  300-word  abstract  by  September  30,  1997. 
Topics  include  but  are  not  limited  to: 

•  ferroelectric  memories 

•  ferroelectric  and  pyroelectric  CCDs 

•  high  dielectric  constant  materials  for  ULSI  DRAMs 

•  integrated  optics 

•  optical  storage 

•  radiation-related  subject  such  as  radiation  hardness 

•  fundamental  properties 

•  process  and  substrates 

•  process  integration 

•  new  devices  and  architecture 

•  device  modeling 

•  materials  processing  and  integration 

•  supporting  circuitry  and  applications 


•  ferroelectric  ASICs 

•  smart  tags  and  RF  ID  devices 

•  neural  networks 

•  inicrosensor  and  actuators 

•  bypass  capacitors 

•  GaAs/ferroelectric  devices 

•  reliability 

•  applications  and  new  products 

•  biomedical 

Please  print  abstracts  on  8V2  x  1 1  paper  with  the  title  centered  in  UPPER  CASE, 
leaving  two  line  spaces,  then  the  author(s)  name(s)  and  affiliation  CENTERED. 
Two  pages  of  pictures  or  figures  of  supporting  data  may  be  included.  Abstracts 
will  be  juried  and  authors  will  be  informed  of  acceptance  and  the  allotted  time  for 
presentation  as  soon  as  possible.  If  the  abstract  is  sent  via  FAX,  please  follow  up 
with  an  original  and  two  copies. 

Mail  all  abstracts  by 
September  30, 1997  to: 

Alona  S.  Miller,  Symposium  Coordinator 
University  of  Colorado  at  Colorado  Springs 
P.O.  Box  7150 

Colorado  Springs,  CO  80933-7150 

Phone:  719-262-3488,  FAX:  719-594-4257 

e-mail:  asmiller@vlsia.uccs.edu 

For  Federal  Express:  1420  Austin  Bluffs  Parkway 

Colorado  Springs,  CO  80907 

Final  Deadline  for  Abstracts 
September  30, 1997 

Symposium  Registration  Fee 

Before  After 

February  1  February  1 

General . $300  $375 

U.S.  Government  Employee . $250  $325 

All  Eligible  Students . $45  $60 

The  registration  fee,  except  student  rate,  entitles  registrants  to  one  copy  of  the 
Symposium  Proceedings.  Copies  will  be  available  at  $55.00.  Note:  There  will  be 
no  refunds  on  registrations  cancelled  after  February  1. 


Hotel  Accommodations 
Hyatt  Regency  Monterey 
Single  Double 

$130.00  $150.00 

The  Hyatt  Regency  agrees  to  hold  a  block  of  rooms  until  February  2,  1997,  at 
which  time  the  hotel  will  release  the  unused  portion  of  the  group  room  block. 
Reservations  received  after  this  date  will  be  honored  on  a  space  available  basis. 
Phone:  (408)  372-1234,  Fax:  (408)  375-3960. 

Tutorial  Sessions 

Three  tutorial  sessions,  which  will  run  consecutively,  are  planned  for  Sunday,  March 
1 ,  from  1 :00  to  6:00  p.m.  The  topics  for  the  Tutorial  Sessions  will  be  announced  at 
a  later  date.  Tuition  is  $200.00  per  person  for  the  3  sessions. 

The  Tutorial  Sessions  organizer  is  Dr.  R.  Ramesh.  For  further  information  on 
the  Tutorial  Sessions,  please  contact  Dr.  Ramesh  at  University  of  Maryland,  Col¬ 
lege  Park,  MD  20742.  Phone:  301-405-7364,  Fax:  301-314-9467.  There  will  be 
no  refunds  made  for  the  Tutorial  Sessions  after  February  15,  1998. 

Poster  Session 

ISIF  98  will  again  feature  a  Poster  Session.  Please  indicate  with  your  abstract  if 
you  prefer  the  Poster  Session. 

Organization/Company  Exhibits 

If  your  organization  or  company  wishes  to  have  an  exhibit  or  display  during  the 
Symposium,  please  send  your  display  proposal  to  Alona  Miller  at  the  ISIF  office 
in  Colorado  Springs,  Colorado. 

Associated  Meetings 

The  ISIF  Advisory  Board  (Robert  Jones,  Chairman)  will  have  a  general  meeting 
with  all  attendees  invited. 

ISIF  Advisory  Board 

O.G.  Ramer  Chair:  R.E.  Jones 

T.  Shiosaki  Ex-Officio:  R.  Panholzer 

B.A.  Tuttle  C.A.  Paz  de  Araujo 

D.  Wouters  O.  Auciello 

Monterey  Bay  Aquarium  Tour 
and  Buffet  Dinner 

In  celebration  of  the  10th  anniversary  on  Monday,  March  2  at  7:00  p.m. 


S.  Baik 
S.K.  Dey 
D.B.  Dimos 
C.  Mazure 


PIEZOELECTRICITY  AND  PYROELECTRICITY 
DATABASE  (PPDB) 


The  database  used  in  Professor  Sidney  B.  Lang’s  “Guide  to  the  Literature  of 
Piezolectricity  and  Pyroelectricity”  which  appears  semiannually  in  Ferroelectrics 
is  now  accessible  on  the  Gordon  and  Breach  Internet  website. 

The  current  version  of  the  Piezoelectricity  and  Pyroelectricity  Database  (PPDB) 
contains  references  to  most  of  the  publications  on  piezoelectricity  and  pyroelectricity 
during  the  period  1990-1993,  with  a  small  number  from  1994.  The  database  will 
be  updated  with  an  additional  500-1000  new  references  about  twice  a  year.  In 
order  to  make  the  database  as  comprehensive  as  possible,  references  are  included 
even  if  piezoelectricity  and/or  pyroelectricity  formed  a  very  minor  part  of  the  contents 
of  the  publication.  The  current  database  contains  6091  references. 

References  are  given  for  articles  in  journals,  chapters  in  proceedings  or  books, 
books,  patents,  theses  and  reports.  Full  bibliographic  information  is  given  so  that 
the  reader  can  locate  the  publication.  Additional  information  such  as  conference 
presentation  data,  language  (if  other  than  English)  and  patent  assignees  is  given 
where  available. 

The  URL  for  accessing  PPDB  is 

http://www.gbhap-us.com/c3/lit_guide/ 

Information  in  the  PPDB  can  be  accessed  in  two  ways:  (1)  Direct  search  of  the 
database  on  the  Internet  or  (2)  Downloading  of  the  entire  database  and  a  public- 
domain  search  engine  to  the  user’s  computer.  Full  instructions  are  supplied. 

Any  problems  with  the  PPDB  or  suggestions  should  be  sent  to: 

Prof.  Sidney  B.  Lang 

Department  of  Chemical  Engineering 

Ben-Gurion  University  of  the  Negev 

84105  Beer  Sheva,  Israel 

Fax:  +972-7-6472916 

E-mail:  lang@bgumail.bgu.ac.il 


FERROELECTRICS 

and  related  materials 

NOTES  FOR  CONTRIBUTORS 


As  Gordon  and  Breach  moves  into  the  delivery  of  journals  in  electronic  format,  it  is  essential 
that  authors  prepare  their  manuscripts  according  to  established  specifications.  The  effective¬ 
ness  of  the  search  capabilities  offered  by  electronic  delivery  will  depend  upon  the  care  used  by 
authors  in  preparing  their  manuscripts.  Therefore,  contributors  are  strongly  encouraged  to 
follow  these  instructions  closely  while  preparing  a  manuscript  for  submission,  and  to  check  the 
manuscript  for  compliance  with  these  notes  before  submitting  it  for  publication. 

Gordon  and  Breach  online  “offices”  enable  our  authors  to  submit  abstracts  and  full-text 
articles  in  virtually  any  file  format,  from  anywhere  in  the  world,  at  any  time.  Visit  http:$$ 
www.gbhap.com  Ferroelectrics  and  related  materials  to  access  a  full  range  of  internet  author 
services. 


MANUSCRIPTS 

Manuscripts  should  be  typed  with  double-spacing  and  submitted  in  triplicate.  In  addition, 
authors  are  requested  to  supply  one  extra  copy  of  the  article-opening  page  (should  include  the 
paper  title,  list  of  author(s)  and  affiliation(s),  abstract  and  keywords)  and  the  article  reference 
section,  for  publication  in  Ferroelectrics  Communications.  (Further  information  on  Ferroelec¬ 
trics  Communications,  which  previews  the  research  of  more  detailed  papers  submitted  for 
possible  publication  in  Ferroelectrics,  Ferroelectrics  Letters  Section  and  Integrated  Ferroelec¬ 
trics,  may  be  found  at  the  end  of  these  Notes  for  Contributors.)  Authors  are  requested  to 
forward  their  manuscripts  to  either  the  Editor: 


G.  W.  Taylor 
Princeton  Resources 
P.O.  Box  211 

Princeton,  New  Jersey  08542-0211,  USA 

or  one  of  the  Associate  Editors; 


Sidney  B.  Lang 
Department  of  Chemical 
Engineering 

Ben  Gurion  University  of 
the  Negev 
Beer  Sheva  84105 
Israel 


Jan  Petzelt 
Institute  of  Physics 
Academy  of  Sciences  of 
the  Czech  Republic 
180  40  Prague  8 
Liben  Na  Slovance  2 
The  Czech  Republic 


Koichi  Toyoda 

Research  Institute  of  Electronics 
Shizuoka  University 
Hamamatsu  432 
Japan 


Submission  of  a  paper  to  Ferroelectrics  will  be  taken  to  imply  that  it  represents  original  work 
not  previously  published,  that  it  is  not  being  considered  for  publication  elsewhere,  and  that  if 
accepted  it  will  not  be  published  elsewhere  in  the  same  form,  in  any  language,  without  the 
consent  of  the  Editors  and  the  publisher.  It  is  a  condition  of  the  acceptance  by  the  Editors  of 
a  manuscript  for  publication  that  the  publisher  acquires  automatically  the  copyright  in  the 
manuscript  throughout  the  world. 

Manuscript  length:  The  maximum  length  preferred  is  35  units,  where  a  unit  is  a  double-spaced 
typed  page  or  one  figure.  Longer  papers,  or  papers  not  following  the  prescribed  editorial 
format,  cannot  be  guaranteed  prompt  publication. 

Abstract:  Each  manuscript  requires  a  leading  abstract  of  approximately  100-150  words  sum¬ 
marizing  the  significant  coverage  and  findings. 

Keywords:  Each  manuscript  requires  three  to  six  keywords  which  characterize  the  contents  of 
the  paper. 

AIP’s  (American  Institute  of  Physics)  Physics  and  Astronomy  Classification  Scheme:  In  addi¬ 
tion  to  Keywords,  each  author  is  encouraged  to  provide  three  to  six  classification  codes  from 
the  AIP  classification  scheme. 


FIGURES 

All  figures  should  be  numbered  with  consecutive  arabic  numbers,  have  descriptive  captions, 
and  be  referred  to  in  the  text.  Keep  figures  separate  from  the  text,  but  indicate  an  approximate 
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